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Abstract 
The geographic distribution of most species is expected to alter as a consequence of global 
climate change. Predictions for the extent of these range shifts are frequently based on anticipated 
changes in temperature using a 'climate envelope' approach, which oversimplifies predictions because 
it does not consider interactions with other physical and biological factors. The aim of this thesis was 
to investigate how biological interactions modulate species responses to climate change. 
On many rocky shores in the NE Atlantic the interaction between limpets, barnacles and 
canopy forming macroalgae have an important role in structuring rocky shore communities. In 
particular, limpets control the abundance of macroalgae on the shore through their grazing activities. 
Through descriptive studies and manipulative experiments the behaviour of a northern/boreal species 
of limpet, Patella vulgata and a southern/lusitanian species of limpet, P. depressa were compared in 
relation to canopy forming algae (Fucus patches). As a result of differences in the spatial distribution, 
behaviour and grazing activity of these two species, if as predicted, there are changes in their relative 
abundance it is likely there will be implications for rocky shore community dynamics. 
The second part of my thesis investigated intra- and interspecific competition between two co- 
existing barnacle taxa with northern and southern centres of distribution. It is predicted that Increased 
warming will result in a reduction in the abundance of Semibalanus balanoides either as a direct result 
of increased temperatures or due to an increase in the number of poor spawning years. My results 
suggest that as a consequence of the gregarious nature of settling S. balanoides cyprids, recruitment 
success may be reduced irrespective of the numbers of cyprids in the plankton. This will result in 
more space becoming available for the competing and later settling Chthamalus spp, resulting in a 
change in barnacle population structure. 
The likely impacts of population changes and species range shifts in response to increased 
warming are discussed, with particular emphasis on how the interaction between limpets, barnacles 
and Fucus may alter. The implications of altered species interactions are then discussed in terms of 
the effects on community dynamics and ecosystem functioning. Finally the role of biotic interactions in 
modulating species responses to climate change are discussed with reference to the use of the 
'climate envelope' approach in making predictions of species range shifts. 
List of Contents 
Abstract 
List of figures v 
List of tables vii 
Acknowledgements Ix 
Authors declaration x 
Chapter One General Introduction 
1.1 Introduction 1 
1.2 Anthropogenic climate change 2 
1.3 The biological consequences of climate change 3 
1.4 Evidence of species responses to climatic fluctuations 5 
1.5 Rationale of thesis 9 
Chapter Two The association between two limpet species and patches of 
fucoid macroalgae 
2.1 Introduction 12 
2.2 Materials and methods 16 
2.2.1 The distribution of Patella depressa in relation to Fucus patches 16 
2.2.2 The spatial distribution and population structure of P. vulgata and 16 
P. depressa in relation to Fucus patches 
2.3 Results 18 
2.3.1 The distribution of Patella depressa in relation to Fucus patches 18 
2.3.2 The spatial distribution and population structure of P. vulgata and 19 
P. depressa in relation to Fucus patches 
2.4 Discussion 27 
Chapter Three Behaviour of a northern and southern species of limpet in 
relation to Fucus patches 
3.1 Introduction 30 
3.2 Materials and methods 33 
3.2.1 Behaviour of a northern and southern species of limpet in relation 33 
to Fucus patches 
3.2.2 Limpet behaviour following the experimental loss of Fucus 34 
3.3 Results 36 
3.3.1 Behaviour of a northern and southern species of limpet in relation 36 
to Fucus patches 
3.3.2 Limpet behaviour following loss of Fucus patches 38 
3.4 Discussion 43 
3.4.1 Behaviour of a northern and southern species of limpet in relation 43 
to Fucus patches 
3.4.2 Biotic interactions modify species responses to climate change 44 
3.4.3 Community level responses to local changes in grazer distribution 45 
Chapter Four The effects of temperature and gonad ripening on the grazing 
activity of P. vulgata and P. depressa 
4.1 Introduction 48 
4.2 Materials and methods 51 
4.3 Results 54 
4.3.1 Grazing activity 54 
4.3.2 Fucus growth 56 
4.3.3 Reproductive cycles 57 
4.3.4 Limpet growth 
iii 
58 
4.3.5 Temperature, Grazing and Reproduction 58 
4.4 Discussion 66 
4.4.1 Comparisons of the grazing activity of two limpet species with 66 
different biogeographic ranges 
4.4.2 Phenology and climate change 67 
4.4.3 Impacts of differences in limpet grazing activity for community 79 
structure 
Chapter Five The intra- and Interspecific Interactions during settlement and 
recruitment in a northern and southern species of barnacle 
5.1 Introduction 72 
5.1.1 The effect of adult abundance of the barnacle, Semibalanus 75 
balanoides, on the recruitment success of its gregarious settling 
young 
5.1.2 The effects of poor 0+ Semibalanus recruitment on the subsequent 76 
recruitment success of Chthamalus spat 
5.2 Materials and Methods 77 
5.2.1 The effect of adult abundance of the barnacle, Semibalanus 77 
balanoides, on the recruitment success of its gregarious settling 
young 
5.2.2 The effects of poor 0+ Semibalanus recruitment on the subsequent 79 
recruitment success of Chthamalus spat 
5.3 Results 80 
5.3.1 The effect of adult abundance of the barnacle, Semibalanus 80 
balanoides, on the recruitment success of its gregarious settling 
young 
5.3.2 The effects of poor 0+ Semibalanus recruitment on the subsequent 84 
recruitment success of Chthamalus spat 
5.4 Discussion 86 
5.4.1 Limitations of work 86 
5.4.2 Effects of barnacle settlement factor on Semibalanus recruitment 87 
5.4.3 The effect of adult abundance of the barnacle, Semibalanus 87 
balanoides, on the recruitment success of its gregarious settling 
young 
5.4.4 The effects of poor 0+ Semibalanus recruitment on the subsequent 89 
recruitment success of Chthamalus spat 
5.4.5 The consequences of climate change on the inter- and intraspecific 90 
interactions of a northern and southern species of barnacle 
Chapter Six General Discussion 
6.1 Thesis overview and summary 92 
6.2 Consequences of increased climatic warming on rocky shore 95 
community structure and dynamics 
6.3 Consequences of changes in species abundances and ranges 100 
for rocky shore ecosystem functioning 
6.4 Changes In the variance of climatic events Increases the 101 
difficulty in predicting species responses to climate change 
6.5 `Climate envelope' approach vs biotic Interactions 102 
References 104 
Appendix 1 Limpet abundance in treatment enclosures 125 
Appendix 2 Settlement factor preparation 126 
iv 
List of figures 
Chapter Two 
Figure 2.1 Location of study sites in south and southwest Britain. 
Figure 2.2 Proportion of P. depressa to P. vulgata found beneath Fucus patches and on open rock 
at five locations around the coast of south and southwest Britain. Error bars ±I SE. ** P<0.01. 
Figure 2.3 The effect of macroalgal cover on the relative abundance of P. vulgata and P. depressa. 
This effect was consistent at both Crackington Haven and Trevone therefore data from both locations 
have been combined. Error bars ±1 SE. ** P<0.01. 
Figure 2.4 The proportion of P. depressa to P. vulgata with increasing cover of Fucus at a) 
Newquay and b) Trevone. 
Figure 2.5 The distance limpets were found from their nearest conspecific neighbour at Trevone. 
Figure 2.6 Cumulative size frequencies of P. vulgata inside and outside Fucus patches at five 
locations around the south and southwest coast of Britain. Open rock - bold line, Fucus patches - 
dotted line. 
Figure 2.7 Cumulative size frequency distribution of P. depressa on open rock at five locations on 
the south and southwest coast of Britain. 
Chapter Three 
Figure 3.1 Location of study sites on the north coast of Cornwall, UK. 
Figure 3.2 Mean number of limpets relocating their home scars to beneath uncolonised Fucus 
patches. As results were consistent at both Crackington Haven and Trevone the data from both 
locations have been combined. Error bars ±1 SE. " P<0.01. 
Figure 3.3 Mean distance moved from home scar for P. depressa and P. vulgata for three 
treatments: Fucus removal (FR), Fucus patch (FR) and Open rock (OR). Error bars ±1 SE. a) Means 
for Treatment x species interaction at Crackington Haven for 2002 and 2003 as pattern was consistent 
among years. b) Means for Treatment x species interaction at Trevone and Crackington Haven in 
2003 as pattern was consistent among sites. ** P<0.01; ns=not significant. 
Figure 3.4 Limpet mortality in three treatments: Fucus removal (FR), Fucus patch (FP) and Open 
rock (OR). a) Means for Treatment x species interaction at Crackington Haven for 2002 and 2003 as 
pattern was consistent among years. b) Means for Treatment x species interaction at Trevone and 
Crackington Haven in 2003 as pattern was consistent among sites. ** P<0.01; ns = not significant. 
Figure 3.5 Changes in the abundance of a) two species of limpet (P. vulgata a northern/boreal 
species and P. depressa a southern/lusitanian species) and b) Fucus vesiculosus with increasing 
temperature c) the interactive effect of Fucus vesiculosus and temperature on the abundance of P. 
vu! gata and P. depressa. 
Chapter Four 
Figure 4.1 Location of study sites in southwest Britain. 
Figure 4.2 Mean percentage area of wax discs scraped for three treatments: P. vulgata only, P. 
depressa only and both species present for a) Kingsand and b) Andurn Point. Error bars ±1 SE. 
Arrow indicates the time when Fucus cover reached 40% in P. depressa only treatments at Kingsand. 
Figure 4.3 Mean percentage area of wax disc scraped in three treatments; P. vulgata only; P. 
depressa only and both species together for Andurn Point and Kingsand before Fucus cover reached 
40% in P. depressa only enclosures at Kingsand and after Fucus cover reached 40% cover at 
Kingsand. Error bars ± 1SE. * P<0.05, ** P<0.01, ns = not significant. 
Figure 4.4 Fucus growth in three treatments: a) P. depressa only, b) P. vulgata only, c) both 
species together at Kingsand and Andurn Point. Pictures taken 15 months after initiation of 
experiment. Wax discs placed in pre-drilled holes to quantify limpet grazing activity are also visible in 
the treatment enclosures. 
V 
Figure 4.5 Mean percentage cover of Fucus across the whole shore (Sh) and in three treatments: 
P. depressa only (Pd), P. vulgata only (Pv) and both species present (Bo) for Kingsand and Andurn 
Point. Error bars ± 1SE. ** P<0.01, ns = not significant. 
Figure 4.6 The proportion of P. vulgata and P. depressa in advanced gonad states (gonad stages 4 
&5 after Orton et al. 1956) for a) Kingsand and b) Andurn Point. 
Figure 4.7 Ford-Walford plots of growth increment plotted against initial shell length for P. depressa 
and P. vulgata from three treatments: P. depressa only; P. vulgata only and both species together. P. 
vulgata from treatments with both species present (Both Pv); P. vulgata only treatments (Pv); P. 
depressa from treatments with both species present (Both Pd) and P. depressa only treatments (Pd). 
ANCOVA indicates no significant difference between the slopes of the regressions for each species- 
treatment plot (F 3,343 0.78; P>0.05). 
Chapter Five 
Figure 5.1 Location of barnacle study sites in southwest Britain. 
Figure 5.2 The abundance of Semibalanus to recruit to settlement plates (with barnacle settlement 
factor and without barnacle settlement factor) for three densities of adult con-specifics attached: high 
density (5cm 2), low density (1 cm 2) and no adult conspecifcs for a) Trevone: results were consistent for 
treatments with barnacle settlement factor and those without, therefore data has been combined b) 
Looe: results were consistent for treatments with barnacle settlement factor and those without, 
therefore data has been combined c) Newquay. Error bars ± ISE. ** P<0.01, ns = not significant. 
Figure 5.3 Chthamalus spat recruitment to four treatments: bare rock, control, high density (5cm'Z) 
** and low density (1 cm 2) for a) Cellar Beach and Looe and b) Crackington Haven. Error bars ±1 SE. 
P<0.01, ns = not significant. 
Chapter Six 
Figure 6.1 Interactions between a) P. vulgata and Fucus vesiculosus and b) P. depressa and Fucus 
vesiculosus. - negative interaction; + positive interaction. The width of arrows represents the strength 
of the interaction. Dotted lines are indirect interactions, while full lines are direct interactions between 
species. 
Figure 6.2 Interactions between Limpets, barnacles and Fucus on a) shores dominated by 
Semibalanus and P. vulgata and b) shores with P. vulgata and P. depressa and dominated by 
Chthamalus. - negative interaction; + positive interaction. The width of arrows represents the strength 
of the interaction. Dotted lines are indirect interactions, while full lines are direct interactions between 
species. 
Appendix One 
Figure 1 Limpet abundance in treatment enclosures at Andurn Point and Kingsand. ** P<0.01 
vi 
List of tables 
Chapter two 
Table 2.1 Analysis of variance of the proportion of P. depressa to P. vulgata found beneath Fucus 
patches and on open rock at five locations around the south and southwest coasts of Britain. 
Variances were homogenous following arcsine transformation (Cochran's test 0.36; ns). 
Table 2.2 Analysis of variance of the abundance of P. vulgata and P. depressa beneath Fucus and 
on open rock at Crackington Haven and Trevone. Variances were homogenous following Ln (X + 1) 
transformation (Cochrans 0.2008, ns). The location x habitat x species interaction was non-significant 
(P >0.25) and was thus pooled with the residual to increase the power of the test for the treatment x 
species interaction. 
Chapter three 
Table 3.1 Analysis of variance of the movement of P. vulgata and P. depressa into uncolonised 
Fucus patches at Crackington Haven and Trevone. Variances were homogenous following fourth root 
transformation (Cochran's test C=0.4504, ns). Location x species interaction was non-significant (P 
>0.25) and was thus pooled with the residual to increase the power of the test for the factor species. 
Table 3.2 Analysis of variance of distance that limpets were found from their home scar for three 
treatments: Fucus removal (FR), Fucus patch (FP) and open rock (OR) at Crackington Haven in 2002 
and 2003. Variances were homogenous following Ln (X + 1) transformation (Cochran's test C=0.1141, 
ns). Due to unequal levels of mortality n=12 limpets were used per treatment. 
Table 3.3 Analysis of variance of distance that limpets were found from their home scar for three 
treatments: Fucus removal (FR),. Fucus patch (FP) and open rock (OR) at Trevone and Crackington 
Haven in 2003. Variances were homogenous following Ln (X + 1) transformation (Cochran's test 
C=0.1496, ns). Location x habitat x species interaction was non-significant (P >0.25) and was pooled 
with the residual to increase the power of the test for treatment x species interaction. Due to unequal 
levels of mortality n=1 7 limpets per treatment. 
Table 3.4 Analysis of variance of limpet mortality in three treatments: Fucus removal (FR), Fucus 
patch (FP) and open rock (OR) at Crackington Haven in 2002 and 2003. Cochran's test C=0.1948, ns. 
Year xtreatment x species interaction was non-significant (P>0.25) and was pooled with the residual to 
increase the power of the test for the treatment x species interaction. 
Table 3.5 Analysis of variance of limpet mortality in three treatments: Fucus removal (FR), Fucus 
patch (FP) and open rock (OR) at Trevone and Crackington Haven in 2003. Cochran's test C=0.1932, 
ns. Location x treatment x species interaction was non-significant (P>0.25) and was pooled with the 
residual to increase the power of the test for the treatment x species interaction. 
Chapter Four 
Table 4.1 Analysis of variance of limpet grazing activity at Andurn Point and Kingsand, southwest 
Britain for three treatments: P. vulgata only, P. depressa only and both species present (Cochran's test 
C=0.0734, ns). Significant results are indicated > or <. The direction of non-significant trends are also 
shown - or t- to help illustrate overall patterns in the data. 
Table 4.2 Analysis of variance of percentage Fucus cover for three treatments: P. vulgata only, P. 
depressa only and both species present sixteen months after the initiation of the experiment. 
Variances were homogenous following fourth root transformation (Cochran's test C=0.4369, ns). 
Table 4.3 Gonad index of limpets from three treatments: P. depressa only, P. vulgata only and 
both species present as well as individuals collected randomly across the shore at the conclusion of 
the experiment in March 2005 from Kingsand and Andurn Point, southwest Britain. 
Table 4.4 Pearson's correlations between limpet grazing activity in three treatment enclosures: 
P. vulgata only, P. depressa only and both species present with temperature. To control for Type I 
error rates resulting from multiple tests, significance levels were corrected using the sequential 
Bonferroni procedure. Spearmans rank correlation was performed on the proportion of the limpet 
population in advanced states of gonad development and grazing activity. Data from the two locations 
vii 
have been combined for P. vulgafa only and both species together treatments as patterns of grazing 
activity were similar. * P<0.05. 
Chapter Five 
Table 5.1 Analysis of variance of the number of Semibalanus to recruit to settlement plates (with 
barnacle settlement factor and without barnacle settlement factor) for three densities of attached adult 
con-specifics; high density (5cm2), low density (1 cm 2) and no adult conspecifics for a) Trevone 
(Cochran's test C=0.361, ns) b) Looe (Cochran's test C= 0.372, ns) and c) Newquay (Cochran's test 
C= 0.556, ns). Variances were homogenous for all locations following Ln (x + 1) transformation. -º _ 
direction of non-significant trend. 
Table 5.2 Analysis of variance for the number of Chthamalus to recruit to four treatments; cleared 
rock, control, high density 0+ Semibalanus (approx 5cm 2), low density 0+ Semibalanus (1cm 2) for a) 
Cellar Beach and Looe (Variances were homogenous following square root (x + 1) transformation; 
Cochran's test C= 0.3545, ns) and b) Crackington Haven (Cochran's test C= 0.5029, ns). 
Appendix One 
Table I Analysis of variance for the abundance of limpets found in three treatments: P. vulgata 
only, P. depressa only and both species together for Kingsand and Andurn Point. Variances were 
homogenous following square root (x + 1) transformation (Cochran's test C= 0.4662, ns). 
VIII 
Acknowledgments 
First and foremost I have to thank Harry Coover who was inducted into the National Inventors 
Hall of Fame in 2004 for his invention 'Superglue' (cyanoacrylate). If it hadn't been for Harry I would 
not have been able to complete this thesis as I think it was used in every experiment I conducted. 
Knew I should have bought shares in 2002. 
More importantly I would like to thank my supervisors Prof Steve Hawkins and Dr Richard 
Thompson for their help and support during the last three and a half years. All at the MBA and 
MBERC have offered great support, in particular, I would like to thank Rebecca Leaper and Nova 
Mieszkowska from the MarClim team and the rest in the Ecology and biodiversity group. I would also 
like to thank Ali Board, Jackie Hill, Neil Hutchinson, Rebecca Leaper and Molly Jacobs who all had the 
dubious 'pleasure' of proof reading a chapter of this thesis. A number of people helped me in the field 
over the course of my work and your help was invaluable. 
Thanks also to Alice Coupland, if I hadn't meet you on the 'clippity cloppity' path I would never 
have reached the position where I am writing these acknowledgements. Thanks also to 'The Nowhere' 
and all those who can be found within her, you have provided friendship, debate and a chance to 
escape 'real' life for a little while. Special thanks to Ali Board who has helped pick me up, entertain me 
and encourage me, cheers matel 
Last but not least I would like to thank limpet number 13 who proved the number really is 
unlucky by getting stuck to my arm with superglue and dying. r 
ix 
Author's Declaration 
At no time during the registration for the degree of Doctor of Philosophy has the author been registered 
for any other University award without prior agreement of the Graduate Committee. 
This study was financed with the aid of a joint studentship from the Plymouth Environmental Research 
Centre, University of Plymouth and the Marine Biological Association of the UK. Additional funding 
was provided by the MarClim consortium (Countryside Council for Wales; The Crown Estates; 
Department for Environment, Food and Rural Affairs; English Nature; Environment Agency; Joint 
Nature Conservation Committee; Scottish Executive; Scottish Natural Heritage; States of Jersey and 
Worldwide Fund for Nature) and a National Environmental Research Council CASE studentship. 
Relevant scientific seminars and conferences were regularly attended at which work was often 
presented; external institutions were visited for consultation purposes and papers prepared for 
publication. 
Publications: 
Sims, D. W., Wearmouth, V. J., Southall, E. J., Hill, J., Moore, P., Rawlinson, K., Hutchinson, N., Budd, 
G. C., Metcalfe, J. D. and Morritt, D. (in press). Hunt warm, rest cool: Bioenergetic efficiency underlying 
diel vertical migration of a benthic shark. Journal of Animal Ecology 
Moore, P., Hawkins, S. J., Thompson, R. C. (in review). The role of biological habitat amelioration in 
altering the relative responses of congeneric species to climate change. Journal of Animal Ecology 
Presentations and Conferences Attended: 
Visiting lecture at Friday Harbor Marine Laboratories, University of Washington, WA, USA (29th April 
2005). 'Interactions between limpets and canopy forming macroalgae in a warming climate'. 
'Climate change and aquatic systems past, present and future', University of Plymouth, UK (21-23 July 
2004). Paper presentation 'Ecological complexity places climate envelope in the shade'. 
'Postgraduate marine biology workshop', University of Wales, Bangor, UK (2-4 April 2004). Paper 
presentation 'Ecological complexity places climate envelope in the shade'. 
'Citadel Hill seminar series', Marine Biological Association of the UK (March 2003). Paper presentation 
'The role of Fucus patches in influencing the distribution of a northern and southern species of limpet'. 
'Temperate reefs symposium 2003', Canterbury, New Zealand (13-17 January 2003). Poster 
presentation 'Climate change and species interactions: the role of Fucus patch in influencing the 
distribution of a northern and southern species of limpet'. 
Word count of main body of thesis: 33 761 
d.. 
flll f X............... 
Date.. q& 9 ý:.: % ..................... 
X 
Chapter One 
Chapter One 
General Introduction 
1.1 Introduction 
There is now little debate that anthropogenic forcing of the Earth's climate is occurring 
(Houghton et al. 1996, Oreskes 2004). Global air temperatures have risen by 0.6°C ± 0.2°C in the 
last one hundred years (Albritton et al. 2001) and further increases of between 2°C to 3°C are 
predicted by 2100 (Hulme et al. 2002). For the management and conservation of natural habitats it 
is therefore important to understand how individuals, populations and assemblages will respond to 
changes in their environment (Chapin III et al. 2000, Hughes 2000). It is generally thought that 
species will respond to climatic warming by shifting their ranges poleward (e. g. Graham and Grimm 
1990, Fields et al. 1993, Southward et al. 1995, Jeffree and Jeffree 1996, Parmesan 1996, Sagarin 
et al. 1999, Hiscock et al. 2004), but this will depend on the dispersal capability of species and the 
availability of suitable habitats (Parmesan 1996, Walther et al. 2002, Zacherl et al. 2003, Hiscock et 
al. 2004). Changes in community structure and ecosystem functioning are also likely to occur 
(Brown et al. 1997, Harrington et al. 1999, Chapin III et al. 2000, McCarty 2001), as organisms will 
respond to climate change in different ways and on different temporal and spatial scales depending 
on their physiology, behaviour and ecology (Graham and Grimm 1990, Harrington et al. 1999). 
Utilising the rocky intertidal as a test system, my thesis examines the role of biotic 
interactions in modifying the outcome of species responses to climate change. Using limpets, 
barnacles and Fucus as test organisms, observational studies and manipulative experiments have 
been used to show how species interactions may modulate the strength and direction of 
interactions (i. e. competition or facilitation) during a period of climatic warming. In this introductory 
chapter, the history, predictions and causes of anthropogenic climate change are briefly 
summarised. Examples from terrestrial and marine realms have been used to demonstrate the 
responses of species to both natural and anthropogenically forced climate change. Finally the role 
rocky shores and in particular the shores around southwest Britain can play in assessing and 
predicting species responses to climate change is explained before presenting the overall aim and 
specific objectives of the chapters comprising this thesis. 
Chapter One 
1.2 Anthropogenic climate change 
Climate is influenced by many factors working at a variety of temporal scales including 
multi decadal and decadal patterns such as changes In the inclination of the moons orbit and 
changes in solar flux measured by sun spot activity (Stevens and North 1996). On shorter time 
scales there can be changes in weather systems reflected by the North Atlantic Oscillation Index 
(NAOI) (Hurrell and VanLoon 1997, Visbeck et al. 2001) and El Nino Southern Oscillation (ENSO) 
(Trenberth and Hurrell 1994). Since the late 1980s, the climate in northwest Europe seems to have 
become decoupled from these natural cycles, and many climatologists have linked this to 
anthropogenic forcing of the climate via increased levels of greenhouse gases (Stouffer et at. 1994, 
Meehl et at. 2005), such as, carbon dioxide, methane, nitrous oxide and fluorocarbons (Hulme and 
Jenkins 1998, Albritton et al. 2001, Hulme et al. 2002). 
In the last one hundred years, average global air temperatures have risen by 0.6°C 
±0.02°C, with a corresponding increase in surface seawater temperatures of 0.6°C (Albritton et at. 
2001). Air temperatures monitored for Central England since 1659 show a 0.7°C rise in 
temperature since the seventeenth century; 0.5°C occurring during the twentieth century, with 
warming being greatest in winter months (Hulme and Jenkins 1998, Hulme et al. 2002). Mean 
surface seawater temperatures for the western English Channel (50-51° N, 1-2° W) have also risen 
by 0.7°C in the period 1861-1997 (Hawkins et al. 2003). It would appear that globally there has 
been less of a rise in maximum temperatures; instead minimum temperatures seem to have risen 
resulting in a narrowing of temperature ranges (Easterling et al. 1997). 
Fears of the consequences of climatic warming, particularly the economic costs, have 
motivated governments to fund research to predict future climate change. Global circulation 
models (GCMs), using varying rates of greenhouse gas emissions, have been used to try and 
predict climate change over long and short time scales. Although individual GCMs use different 
parameters and assumptions in their predictions, all show an increase in global average sea and 
air temperatures'(1.4 to 5.8°C by the year 2100), sea levels and extreme weather events such as 
flooding. Precipitation rates, storm frequency and evapotranspiration are also predicted to change 
(Hulme and Jenkins 1998, Albritton et al. 2001, Hulme et al. 2002). 
Within Britain, the United Kingdom Climate Impacts Programme (UKCIP) has created 
models using natural climate variations as well as a range of future greenhouse gas emissions to 
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try to predict the climate over the next one hundred years (Hulme and Jenkins 1998, Albritton et at. 
2001, Hulme et at. 2002). Using the HadCM3 model, four climate scenarios relating to low, 
medium-low, medium-high and high levels of global warming based on predicted future levels of 
anthropogenic forcing of the climate have been derived. Natural forcing factors such as volcanoes, 
solar variability as well as sulphur dioxide concentrations released as aerosols, which may have a 
modest cooling effect, have not been considered. The climate change scenarios have been 
calculated for the 2020s, 2050s and 2080s. The GCM scenarios for Britain predict an average 
annual air temperature increase of between 2 to 3.5°C by the year 2080 (Hulme and Jenkins 
1998), although there are variations between regions with average temperature increases of 
between 1.2 to 4.5°C predicted for southwest Britain (Southwest Climate Change Impacts 
Partnership [SWCCIP], 2003). 
Predictions for changes in precipitation show large regional variations (Hulme and Jenkins 
1998). For southwest Britain predictions show seasonal differences, with summers becoming 15 to 
30% drier by the year 2050 and winters becoming 5 to 15% wetter during the same period 
(SWCCIP, 2003). It is also likely that there will be an increase in the intensity of precipitation 
events resulting in increased chances of flooding (Easterling et al. 2000). Sea levels are also 
predicted to rise through the expansion of warmer ocean water with a global average sea level rise 
of between 7 and 36cm by 2050 (Hulme and Jenkins 1998). In southwest Britain storm 
frequencies are predicted to increase in number during winter months, with deeper depressions 
occurring (SWCCIP, 2003). 
1.3 The biological consequences of climate change 
Species distributions in both terrestrial and aquatic realms are influenced by abiotic and 
biotic factors (Begon et al. 1996 for review). On a broad-scale, physical factors, such as 
temperature, play a key role in limiting the geographic distribution of many species (Hutchins 1947, 
Andrewartha and Birch 1954, Breeman 1988, Bolton and Anderson 1990, Clarke 1996, Pearson 
and Dawson 2003). At smaller spatial scales, a variety of other factors including topography, land 
use and biotic interactions explain the realised niche that species occupy (Pearson and Dawson 
2003). In intertidal environments it has been widely accepted that species upper limits are set by 
physical factors linked to emersion stresses such as temperature and desiccation (Connell 1972), 
whilst lower limits are set by biotic interactions such as competition (Connell 1961 b) and predation 
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(Paine 1966). However, evidence has since been accumulated to suggest that species upper limits 
can also be set by biological interactions (Underwood and Jernakoff 1981, Hawkins and Hartnoll 
1985, Bertness and Leonard 1997, Boaventura et al. 2002). The influence of latitudinal and 
temporal changes in climate are superimposed above these local gradients. 
As a consequence of climate change, organisms are predicted to follow one of four 
responses: 
1. They may move elsewhere, with the generally agreed theory that this will be a poleward 
and/or upward altitudinal movement (Graham and Grimm 1990, Fields et al. 1993, 
Southward et al. 1995, Clarke 1996, Parmesan 1996, Sagarin et al. 1999, Hiscock et al. 
2004). Evidence already suggests that this has occurred in a wide range of taxonomic 
groups during the twentieth century (Easterling et al. 2000, Hughes 2000, McCarty 2001, 
Walther et al. 2002, Parmesan and Yohe 2003), including taxa from oceanic (Roemmich 
and McGowan 1995, Beaugrand et al. 2002) and coastal waters (Southward et al. 1995, 
Holbrook et al. 1997, Sagarin et al. 1999). However, these range shifts may not be linear 
with habitat microclimate ameliorating or exacerbating environmental conditions resulting in 
refuge populations being maintained in certain areas (Helmuth et al. 2002). In the case of 
intertidal organisms time of low water is likely to have an important effect on how species 
respond to increased temperatures (Helmuth 1998, Helmuth and Hofmann 2001, Helmuth 
et al. 2002). For example, in locations such as southwest Britain, where low water springs 
occur during midday (1100 to 1300), the period of maximum solar insolation, species are 
likely to be more affected by increased temperatures than organisms at locations where 
spring tides usually occur at times where solar insolation is reduced. 
2. Species may cope with the effects of climate change by tolerating the altered 
environmental conditions (Clarke 1996) through physiological and/or behavioural 
mechanisms. 
3. Species may evolve genetically to suboptimal environmental conditions (Rodriguez-Trelles 
and Rodriguez 1998), although evolutionary change or adaptation will be dependent on the 
species generation time, which will be slower for longer lived species (Jeffree and Jeffree 
1996) such as many intertidal organisms. As a result, it has been argued that migration 
rather than adaptation is the usual response of species to temperature change (Huntley 
1991). 
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4. Species unable to move or adapt to changes in climatic conditions may become locally 
extinct (Fields et al. 1993, Clarke 1996). 
Species coexistence is dependent on a host of physical and biological factors, resulting in 
species showing individualistic responses to climate change (Graham and Grimm 1990, Fields et 
al. 1993). As a consequence, new species associations are likely to form, leading to new 
assemblages and changes in community dynamics and ecosystem functioning (Brown et al. 1997, 
Chapin III et al. 2000, McCarty 2001). In terrestrial systems the connectivity of suitable habitat 
patches will influence species ability to respond to climatic warming. In more open marine systems 
species such as planktonic organisms (Roemmich and McGowan 1995, Beaugrand et al. 2002) 
and fish (Genner et al. 2004) may be able to respond to climate change relatively quickly. Many 
intertidal organisms have a planktonic larval stage and therefore may also respond to climate 
change quite quickly. Range expansion or retraction of intertidal species will, however, still be 
dependent on the availability of suitable habitat (Walther et al. 2002, Hiscock et al. 2004), which 
can also be affected by anthropogenic modification of coastal habitats. For example, some species 
of intertidal epibiota have expanded their range along the English Channel coast with species 
settling on artificial structures such as sea defences and piers (Herbert et al. 2003, Hawkins, 
unpub). Anthropogenic habitat modification, such as habitat loss, may also act as a barrier to 
species being able to respond to climate change (Chapin III et al. 2000). 
For many marine species, it is believed that increased water temperature will be the 
dominant factor affecting changes in species distribution and abundance, particularly during the 
next 50 to 100 years (Hiscock et al. 2001). In addition to increased sea temperature, intertidal 
organisms will be exposed to increased temperature when the tide is out. As air temperature on 
land will increase more rapidly than surface seawater temperature (Hulme et al. 2002), increases in 
air temperature could affect intertidal organisms more than changes in seawater temperature. 
1.4 Evidence of species responses to climatic fluctuations 
During the 1950s, marine scientists became increasingly aware of fluctuations in the 
distribution and switches in the relative abundance of some pelagic and intertidal species with 
northern and southern biogeographic distributions (Southward and Crisp 1956, Cushing 1961, 
Southward 1967, Russell et al. 1971, Cushing and Dickson 1976, Colebrook 1979). It was 
suggested that changes in climatic conditions, particularly temperature, resulted in the alteration in 
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the relative abundance of these species (Southward and Crisp 1956, Cushing 1961, Southward 
1967, Russell et al. 1971, Cushing and Dickson 1976, Colebrook 1979). During the early 1990s, 
when awareness of anthropogenic forcing of the climate became apparent, descriptive analyses of 
the likely response of organisms to rapid climate change, based on knowledge of the species 
physiology and ecology, started to appear in the literature (Graham and Grimm 1990, Fields et at. 
1993). At the same time, evidence of changes in species abundance, distributions (Southward 
1991, Barry et al. 1995, Roemmich and McGowan 1995, Southward et al. 1995, Parmesan 1996, 
Holbrook et al. 1997) and phenology (Beebee 1995, Crick et at. 1997, Crick and Sparks 1999) as a 
result of anthropogenic climate change also started to emerge. As a result, monitoring 
programmes that had been stopped were restarted and historic sites were resampled in order to 
compare present day patterns with previous data (Southward et al. 1995, Parmesan 1996, Sagarin 
et al. 1999). Since the mid 1990s, attempts have been made to predict species range shifts using 
mathematical models (Jeffree and Jeffree 1994, Jeffree and Jeffree 1996, Pearson and Dawson 
2003). More recently, experimental studies have investigated the role that biotic interactions 
(Brown et al. 1997, Davies et al. 1998a, Petchey et al. 1999) and habitat microclimate (Helmuth 
and Hofmann 2001, Helmuth et al. 2002) may play in modulating species responses to climate 
change. 
The pioneering work of Southward and Crisp in the 1950s and 1960s linked climate with 
the distribution and abundance of several marine organisms (Southward and Crisp 1954a, 
Southward and Crisp 1956, Crisp and Southward 1958, Southward 1963,1967). Much of their 
work concentrated on the fluctuations in the distribution and relative abundance of two barnacle 
species: Semibalanus balanoides (previously Balanus balanoides) and Chthamalus stellatus (now 
separated into two species: C. stellatus and C. montagui Southward 1976). During warm periods, 
numbers of the northern/boreal species, S. balanoides, declined and in many cases became 
restricted to refugia where environmental conditions were favourable (Southward and Crisp 1954a, 
Southward 1967,1991, Southward et al. 1995). At the same time the southern/lusitanian 
Chthamalus spp. increased in abundance and was able to colonise areas on the shore where it 
had been previously out-competed by S. balanoides (Connell 1961 b, Southward 1967,1991, 
Southward et al. 1995). In the 1960s, when cooler climatic conditions began to dominate, the 
relative abundance of these species switched (Southward 1967, Southward 1980, Southward et al. 
2005). This switch in the relative abundance of these two genera in response to changed climatic 
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conditions has also been observed in species found on the NE coast of the United States (Wethey 
1983, Wethey 1984). In addition to barnacles and other intertidal species, fish and planktonic 
organisms have also been shown to alter their distributions and relative abundance with changes in 
climate (Southward and Crisp 1954, Southward and Crisp 1956, Crisp and Southward 1958, 
Southward 1963,1967, Russell et al. 1971, Southward 1980, Southward et al. 1995, Beaugrand et 
al. 2002, Genner et al. 2004, Southward et al. 2005). 
The Marine Biological Association of the United Kingdom (MBA) is the custodian of a 
number of these long-term data sets and recently many of these long-term studies have been 
restarted (Hawkins et al. 2003, Genner et al. 2004, Hiscock et al. 2004, Kendall et al. 2004, Sims et 
al. 2004, Southward et al. 2005). Analysis of these data sets have shown correlations between 
changing climatic conditions and fluctuations in the abundance and range of boreal and lusitanian 
species of planktonic organisms, demersal fish and intertidal organisms (Southward et al. 1995, 
Hawkins et al. 2003, Genner et al. 2004, Hiscock et al. 2004, Kendall et al. 2004, Sims et al. 2004, 
Southward et al. 2005). 
The studies outlined above have been useful in demonstrating that species ranges and 
abundances have changed in response to climate conditions. However, they do not enable 
accurate prediction of actual range changes that are likely to occur as a consequence of 
anthropogenic forcing of the climate. Therefore, in order to anticipate species range shifts, 
mathematical models have been developed (Scott and Poynter 1991, Jeffree and Jeffree 1994, 
Jeffree and Jeffree 1996, Pearson and Dawson 2003). Often termed the 'climate envelope' 
approach, the main technique used, maps a single climatic variable, usually temperature, in 
'climate space' (the area in which a species can survive because the environment is suitable). If 
the climatic space alters then it is predicted that the geographical distribution of species found 
within that climatic space will alter accordingly (Jeffree and Jeffree 1996, Davies et al. 1998b, 
Pearson and Dawson 2003, Huntley et al. 2004, Thomas et al. 2004). When these approaches 
have been tested against empirical data they have been shown to be broadly accurate, particularly 
at large spatial scales (Pearson and Dawson 2003). However the 'climate envelope' approach 
tends to predict species fundamental (or potential niche) because factors such as biotic 
interactions, which influence a species realised niche, are not included (Pearson and Dawson 
2003). 
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Recent microcosm studies which have Included biotic interactions In making predictions of 
species range shifts have shown that when more than one species was examined, responses were 
different to single species treatments (Davies et al. 1998b, Petchey et al. 1999, Fox and Morin 
2001). The potential for biotic interactions to alter with changes in climatic conditions has been 
further emphasised by a long-term study of an arid ecosystem In North America. Increased 
precipitation led to changes in the vegetation present, resulting in cascading effects on consumers 
and their predators (Brown et al. 1997). The switch from grassland to dense woody shrubs as a 
result of increased precipitation resulted in a number of rodent and ant species of open arid 
grassland declining in number, presumably as a result of changes in habitat as well as the wetting 
of seed stores (Brown et al. 1997). The species that showed greatest declines were those that 
stored seeds (Brown et al. 1997). The loss of these species in turn resulted in a drop in predator 
species through loss of prey and an increase in species associated with increased shrub cover 
which benefited from reduced competition and increased cover which reduced predation (Brown et 
al. 1997). The change in vegetation led to local extinctions and reductions in diversity in some 
species, either as a direct result of the change in climatic conditions or as a direct and/or indirect 
effect of changes in biotic interactions (Brown et al. 1997). The change in the community structure 
of this ecosystem could not have been predicted based purely on the effects of abiotic factors on 
the species assemblage (Brown et al. 1997). Furthermore, the complexity of change in the 
outcome of interactions between species could not have been predicted from simple laboratory 
experiments (Brown et al. 1997). Due to the complex nature of species interactions, it has been 
argued that understanding community scale processes is fundamental in order to predict the 
responses of natural systems to climate change (Callaway et al. 2002). 
The use of small scale manipulative experiments may provide information on how biotic 
interactions alter with changes in the abiotic and biotic environment (e. g. Bertness et al. 1999, 
Leonard 2000, Bertness and Ewanchuk 2002). Recent experiments in New England, USA, have 
shown that both shading and crowding could have negative effects on barnacle recruitment and 
survival at cooler northern sites, while having positive effects at warmer southern sites (Bertness et 
al. 1999, Leonard 2000). Thermal buffering by shading and the presence of conspecifics was 
suggested as being responsible for the increased survival of species at these southern sites 
(Bertness et al. 1999, Leonard 2000). This switch from competitive to facilitative interactions 
occurred after a change of just 1 to 2°C. The results of these two studies indicate that the local 
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persistence of some species will depend on intra- and interspecific interactions alleviating the 
harsher conditions experienced as a result of a warming climate. In terrestrial environments, a 
switch from competitive to facilitative interactions has been shown to alter with changing 
environmental conditions across a broad geographical area (Callaway et al. 2002). In general 
positive interactions occurred where environmental conditions were harsher (Callaway et al. 2002). 
If the strength and sign of biotic interactions alter with changing environmental conditions, it is likely 
that there will be broad scale implications for assemblage structure and dynamics. Changes in 
species assemblages as a consequence of climate change are likely to result in changes in 
ecosystem functioning, especially as some species strongly affect ecosystem processes by directly 
mediating energy fluxes or by altering the abiotic environment (Chapin III et al. 2000). 
Manipulative experiments that alter environmental conditions and also biotic interactions 
should provide insights into the likely impacts of climatic warming on biotic interactions. When 
results from such manipulations are used in conjunction with predictions made using the'climate 
envelope' approach, biologically realistic predictions of species range shifts may be possible. 
1.5 Rationale of thesis 
Rocky intertidal shores provide a unique system for undertaking manipulative experiments 
to understand community ecology because of their accessibility, visibility, substrate stability, 
attached or near sedentary species and the comparatively low cost in carrying out experiments 
(Lewis 1996, Bertness and Leonard 1997, Underwood 2000). As a result there is a long history of 
the study of organisms on rocky shores and the physiology, behaviour and ecology of the species 
present are well understood (Newell 1979, Barnes et al. 1993, Little and Kitching 1996, Lobban and 
Harrison 1997, Raffaelli and Hawkins 1999, Underwood 2000 for reviews). In particular rocky 
shores have been used to illustrate the importance of biotic interactions in regulating assemblage 
structure (Jones 1948, Connell 1961b, a, Paine 1966, Dayton 1971, Connell 1972, Menge 1978, 
Paine 1979, Lubchenco and Gaines 1981, Menge and Sutherland 1987, Bertness and Callaway 
1994, Menge 1995, Bertness and Leonard 1997). 
Grazers, such as limpets and snails, can influence the abundance and distribution of 
intertidal organisms both directly and indirectly (see Underwood 1979, Branch 1981, Hawkins and 
Hartnoll 1983). As a result they can have an important role in regulating community structure 
(Southward and Southward 1978, Branch 1981, Hawkins 1981, Lubchenco and Gaines 1981, 
Chapter One 
Hawkins 1983, Hawkins and Hartnoll 1983, Lubchenco 1983, Hartnoll and Hawkins 1985, Hawkins 
et al. 1992, Harley 2002, Paine 2002). This is particularly true on moderately exposed shores of 
the NE Atlantic where interactions between limpets, macroalgae and barnacles have an Important 
role in the structure and dynamics of rocky shore communities (Jones 1948, Burrows and Lodge 
1950, Southward and Southward 1978, Hawkins 1981, Hawkins 1983, Hawkins and Hartnoll 1983, 
Hartnoll and Hawkins 1985, Hawkins and Southward 1992, Johnson et al. 1997, Burrows and 
Hawkins 1998, Jenkins et al. 2001). As a result of the interaction between these groups of 
organisms, on many moderately exposed shores of the NE Atlantic there is a mosaic of algal 
patches which often result in increased diversity (Thompson et al. 1996, Jenkins et al. 1999) and 
can determine whether shores are net producers of primary production or a net importers of 
primary production (Hawkins et al. 1992). Therefore, changes in the limpet-Fucus-barnacle 
interaction could have broad-scale implications for rocky shore community dynamics and 
ecosystem functioning. 
The British Isles straddles two major marine biogeographic zones, with both warm 
lusitanian and cool boreal biota (Forbes 1853, Lewis 1964), resulting in the co-existence of 
ecologically comparable species with northern and southern centres of distribution. As a 
consequence, many marine species present are at either the northern or southern edge of their 
biogeographic range (Southward and Crisp 1954, Crisp and Southward 1958, Southward 1963, 
Southward et al. 1995). The abundance of some of these species has been shown to fluctuate 
with changes in climatic conditions (see Southward et al. 2005 for a recent review). As populations 
close to their range edges are likely to be more sensitive to changes in climate than those at the 
centre of their range (Lewis 1996), southwest Britain provides an ideal region in which to 
investigate how species respond to climate change and in particular, the way in which biotic 
interactions may modify these responses. 
The overall aim of my work was to use species of limpets and barnacles with northern and 
southern biogeographic ranges to investigate how biotic interactions, such as interactions with algal 
canopies, may modulate species responses to climate change. More specifically I investigated the 
spatial distribution of the northern/boreal limpet, Pate/la vulgata and the southern/lusitanian limpet 
P. depressa in relation to Fucus (Chapter 2) and then investigated potential causes of this spatial 
pattern (Chapter 3). Canopy forming macroalgae are predicted to become restricted to more 
northerly latitudes or refuges buffered from environmental extremes on temperate shores 
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(Breeman 1990, Barry et at. 1995, Beardall et al. 1998, Coelho et at. 2000). Therefore, 
consequences of Fucus loss on the behaviour and mortality of P. depressa and P. vulgata was also 
investigated (Chapter 3). 
Due to similarities in the ecology of P. depressa and P. vulgata, it has been assumed that 
they both have similar roles in controlling the abundance of macroalgae in the intertidal (e. g. 
Thompson et at. 2000, Jenkins et al. 2001, Boaventura et at. 2002, Jenkins et at. 2005). The 
behaviour of these species has, however, been shown to differ (Chapters 2,3 and 4). Therefore, 
differences in the grazing activity of these species were explored further (Chapter 4). More 
specifically, the relative roles of P. vulgata and P. depressa in controlling macroalgal abundance on 
shores of southwest Britain was investigated with particular emphasis on the effects of time of 
reproduction and the effect of temperature (sea and air) on limpet grazing activity. 
The balance of species with northern and southern biogeographic distributions is expected 
to alter with climatic warming (Southward et at. 1995). Using two barnacle taxa, I investigated the 
effects of intra- and interspecific competition on population structure under predicted warming 
scenarios for southwest Britain. The effect of adult Semibalanus balanoides abundance on its 
gregarious settling cyprids was investigated to see if the presence of con-specifics affected 
recruitment success. Subsequently, the effect of S. balanoldes recruitment success on the 
recruitment success of the competing barnacle species Chthamalus spp. was investigated 
(Chapter 5). 
The general discussion (Chapter 6) synthesises the outcomes of this work in order to 
inform predictions on the likely effects of increased climatic warming on rocky shore community 
dynamics in southwest Britain. In particular, the interaction of limpets, macroalgae and barnacles 
are discussed in relation to how species responses to climate change may be modified by biotic 
interactions. Conceptual models are proposed to explain how the relationship between limpets, 
barnacles and Fucus alters as a consequence of changes in the relative abundance of the 
dominant limpet and barnacle species. Finally, the Importance of incorporating factors such as 
biotic interactions into predictions of species range shifts is discussed with reference to the use of 
the 'climate envelope' approach. 
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Chapter Two 
The association between two limpet species and patches of fucoid 
macroalgae 
2.1 Introduction 
Grazers have an important role in controlling the quantity and spatial distribution of 
vegetation in marine (Lubchenco and Gaines 1981, Underwood and Jernakoff 1981, Hawkins and 
Hartnoll 1983b, Hartnoll and Hawkins 1985, Hawkins et al. 1992), terrestrial (Hulme 1994) and 
freshwater systems (see Feminella et al. 1989 and references within). Macroalgal abundance in 
the NE Atlantic is predominantly controlled by the grazing activity of patellid limpets (Jones 1948, 
Burrows and Lodge 1950, Southward and Southward 1978, Hawkins 1981, Hawkins and Hartnoll 
1983b, Hawkins and Hartnoll 1985, Hawkins et al. 1992, Burrows and Hawkins 1998, Johnson and 
Hawkins 1998), although grazing by trochids and littorinids can also be important (Hawkins and 
Hartnoll 1983b). At mid-shore levels in the NE Atlantic the key grazers are Patella vulgata, a 
northern/boreal limpet distributed from northern Norway to southern Portugal (Fischer-Piette 1948, 
Bowman and Lewis 1986, Guerra and Gaudencio 1986, Southward et al. 1995, Jenkins et al. 2001) 
and P. depressa, a southern/lusitanian limpet distributed from Senegal in West Africa to north 
Wales, UK (Fischer-Piette 1948, Bowman and Lewis 1986, Southward et al. 1995). The 
geographic distributions of these two species overlap between southern Portugal and north Wales, 
UK. At present P. vulgata is the numerically dominant limpet species on most shores in Britain, 
while from northern Spain to the range limit of P. vulgata the numerically dominant limpet species is 
P. depressa (Ballantine 1961, Jenkins et al. 2001, Boaventura et al. 2002c). 
In Britain the relative abundance of these two species has been shown to fluctuate, broadly 
correlating with changes in climatic conditions (Southward et at. 1995, Kendall et al. 2004, 
Hawkins, unpub). During the 1950s, a warmer climatic period, the relative abundance of P. 
depressa increased, becoming common and occasionally the dominant limpet on some southwest 
shores (Crisp and Southward 1958). This pattern reversed during the cool period from the 1960s 
to the early 1980s (Southward et al. 1995, Kendall et al. 2004, Hawkins, unpub. ). As temperatures 
have risen since the mid-1980s the proportion of P. depressa to P. vulgata has again increased on 
some shores (Southward et al. 1995). As global warming causes temperatures to rise further it is 
anticipated that the biogeographic ranges of Patella vulgata and Patella depressa will alter, with a 
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general pole-ward shift in their ranges (Southward et al. 1995). It Is therefore, likely that the 
dominant limpet on rocky shores of southwest Britain will gradually change from P. vulgata to P. 
depressa, and there is evidence that this is already occurring on certain shores In north Cornwall 
(Hawkins, unpub. ). 
The patellid limpets, and especially P. vulgata, have been well studied including research 
on their morphology and physiology (e. g. Orton et al. 1956, Orton and Southward 1961, Bowman 
and Lewis 1977, Bowman 1981, Branch 1981, Bowman and Lewis 1986, Guerra and Gaudencio 
1986, Hawkins et at. 1989, Morais et at. 2003), behaviour (e. g. Hartnoll and Wright 1977, Branch 
1981, Chelazzi 1990, Chelazzi et al. 1990, Della Santina et al. 1994) and ecology (e. g. Underwood 
1979, Branch 1981, Guerra and Gaudencio 1986, Hawkins et al. 1992, Johnson et al. 1997, 
Burrows and Hawkins 1998, Delany et al. 1998, Jenkins and Hartnoll 2001, Jenkins et al. 2001, 
Boaventura et at. 2002b, Boaventura et at. 2003). P. vulgata and P. depressa are generalist 
grazers consuming microbial films, which are made up of a matrix of mucus, bacteria, microalgae 
and macroagal propagules (Hawkins et at. 1989). It is generally thought that prosobranch limpets 
are unspecialised grazers feeding upon whatever they encounter that is small enough to consume 
on the rock surface (Hawkins and Hartnoll 1983b), including, in the case of P. vulgata, barnacle 
plates, calcareous algae and small gastropods (Hawkins et at. 1989, Hill and Hawkins 1991). 
Both P. vulgata and P. depressa occupy a 'home scar' to which they return between 
foraging excursions (Hartnoll and Wright 1977). Such behaviour ensures limpets maintain a close 
fit with the substratum which reduces emersion stress at low tide, the risk of dislodgement through 
wave action at high tide and the risk of predation at either high or low tide (Hartnoll and Wright 
1977, Hawkins and Hartnoll 1983b, Chelazzi 1990). Both species remain loyal to these home 
scars unless disturbed, for example, by changes in environmental conditions (Jones 1948, Burrows 
and Lodge 1950, Hawkins and Hartnoll 1983a). 
Grazing by limpets is thought to regulate the abundance of macroalgae, such as Fucus 
spp., by grazing their propagules in the microbial film (Jones 1948, Southward and Southward 
1978, Hawkins and Hartnoll 1983b, Hartnoll and Hawkins 1985). There is also some evidence to 
suggest that Patella spp. can also control macroalgal abundance by consuming mature stages of 
macroalgae (Hawkins pers. comm. ). Thus, it is thought that both P. vulgata and P. depressa have 
a key role in controlling the abundance of macroalgae on shores of the NE Atlantic (Southward and 
Southward 1978, Hawkins et al. 1992, Boaventura et al. 2002a, Jenkins et al. 2005). 
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Canopy forming macroalgae, such as the fucoids, are conspicuous and important 
members of the community on all but the most exposed rocky shores of the NE Atlantic (Lewis 
1964, Stephenson and Stephenson 1972). In aquatic systems macroalgal canopies (Menge 1978, 
Hicks 1980, Bertness et al. 1999), freshwater macrophytes (Petry et al. 2003, Taniguchi et al. 
2003) and seagrass beds (Heck and Wetstone 1977) are all recognised as having key roles in 
structuring benthic communities by modifying the physical environment. Intertidal environments 
are physically harsh and as a consequence species that reduce environmental stress, such as 
fucoid algae, can provide an important habitat for a variety of species (Hawkins et al. 1992, 
Thompson et al. 1996, Bertness and Leonard 1997, Bertness et at. 1999, Leonard 2000), including 
limpets, anemones, dogwhelks, littorinids, isopods and amphipods. Fucus patches appear to 
provide an important habitat for P. vulgata juveniles in particular (Southward and Southward 1978, 
Hawkins 1983, Hartnoll and Hawkins 1985, Hawkins et al. 1992), because they still require habitat 
amelioration once they leave 'nursery' pools (Bowman 1981). It is thought that P. vulgata and 
other intertidal species may preferentially aggregate beneath Fucus patches because they 
ameliorate temperature extremes (Burrows and Lodge 1950, Hawkins and Hartnoll 1983b, Hawkins 
and Hartnoll 1983a, Hartnoll and Hawkins 1985, Johnson et al. 1997, Burrows and Hawkins 1998, 
Johnson et al. 1998), increase relative humidity (Thompson et al. 1996), and possibly because 
higher concentrations of microalgal food are found beneath them (Thompson et al. 2004). As a 
result of the microhabitat provided by Fucus patches they often have enhanced diversity beneath 
them relative to adjacent open rock (Thompson et at. 1996, Jenkins et al. 1999). Therefore P. 
vulgata has an important role in controlling the abundance of macroalgae on the shore, at the same 
time as macroalgae providing an important habitat for P. vulgata and other intertidal species. 
A common feature on moderately-exposed shores of the NE Atlantic is the presence of a 
mosaic of variously aged macroalgal patches (Southward 1953, Lewis 1964). In part this is a result 
of P. vulgata preferentially aggregating beneath Fucus patches, leading to areas of reduced 
grazing away from these limpet aggregations and hence higher survival of Fucus propagules 
('Fucus escapes') (Hartnoll and Hawkins 1985, Burrows and Hawkins 1998, Johnson et al. 1998). 
The interaction between barnacles and limpets is also important in allowing Fucus escapes to 
occur as P. vulgata is a less effective grazer across barnacle covered rock allowing Fucus 
propagules that settle amongst barnacles to escape grazing (Jones 1948, Burrows and Lodge 
1950, Southward and Crisp 1956, Hawkins 1981, Hawkins 1983, Hawkins and Hartnoll 1983b, 
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Hawkins et al. 1992). Thus P. vulgata not only controls the amount of macroalgae on the shore, 
but also plays an important role In determining the spatial structure and dynamics of rocky shore 
communities. 
Most work on the role of limpets in regulating rocky shore community structure in the NE 
Atlantic has been carried out on shores where P. vulgata is the sole limpet species present, mainly 
on the Isle of Man (see Hawkins et al. 1992 for review). In studies which Included both P. vulgata 
and P. depressa (Southward and Southward 1978, Thompson et al. 2000, Jenkins et al. 2001, 
Boaventura et al. 2002a, Jenkins et al. 2005) it has been assumed based on their similar feeding 
behaviour, physiology and ecology that both species have similar roles in controlling the 
abundance of Fucus and therefore structuring rocky shore communities. However, little has been 
done to quantify the spatial distribution of P. depressa in relation to Fucus or to assess the specific 
contribution of P. depressa to rocky shore community dynamics. Initial observations suggest that 
P. depressa does not preferentially aggregate beneath Fucus patches (Roberts 2002, Hawkins 
pers obs. ) and following the Torrey Canyon oil spill, P. depressa was much quicker to recolonise 
barnacle covered rock than adjacent Fucus dominated areas. It has therefore been suggested that 
P. depressa does not prosper beneath Fucus patches (Hawkins and Southward 1992). 
If these two species of limpet do exhibit different spatial distributions in relation to Fucus, 
then they may also play different roles in structuring rocky intertidal communities. If the relative 
abundance of the two limpet species changes, in response to climatic warming, then there could be 
broadscale consequences for rocky shore community dynamics. The overall aim of this chapter 
was to investigate the interaction between Fucus patches and both P. vulgata and P. depressa on 
shores where both species co-exist. Initially I compared the occurrence of P. depressa beneath 
Fucus patches and on open rock at a broad spatial scale (100's of kilometres) before making 
detailed finer scale investigations of the spatial distribution and population structure of P. depressa 
and P. vulgata on selected shores on the north coast of Cornwall. 
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2.2 Materials and methods 
2.2.1 The distribution of Patella depressa In relation to Fucus patches 
To test the hypothesis that, at a broad spatial scale, a greater proportion of P. depressa to 
P. vulgata would be found on open rock compared to beneath Fucus patches, the proportion of P. 
depressa to P. vulgata was compared between haphazardly selected Fucus patches (clumps of 
Fucus plants between 0.09-0.25m2 in size) and adjacent areas of open rock (areas of rock not 
covered or swept by macroalgae and less than 60% barnacle cover) of approximately the same 
size at five locations on the south and southwest coast of Britain (Fig 2.1). For each habitat (plus 
or minus Fucus) the relative abundance of each species of limpet was recorded from three 0.25 x 
0.25m quadrats. The proportion of P. depressa to P. vulgata inside and outside Fucus patches 
was compared using a two factor ANOVA (WinGmav5) with the factor location (five levels) 
considered random and the factor habitat (two levels, plus or minus Fucus) considered fixed. 
2.2.2 The spatial distribution and population structure of P. vulgata and P. depressa in 
relation to Fucus patches 
Focused finer scale surveys were then undertaken, at shores on the north coast of 
Cornwall, to look at differences in the spatial distribution and population structure of P. vulgata and 
P. depressa at locations where both species co-exist. Differences in the distribution of P. depressa 
and P. vulgata in relation to Fucus were compared to test the hypothesis that a greater relative 
abundance of P. vulgata should be found beneath Fucus patches compared to open rock and a 
greater relative abundance of P. depressa should be found on open rock compared to beneath 
Fucus patches. The abundance of P. vulgata and P. depressa were recorded in Fucus patches 
and on areas of open rock using ten haphazardly placed 0.5 x 0.5m quadrats for each species- 
habitat combination at each of two, locations, Trevone (500 55'N, 40 98'W) and Crackington Haven 
(50° 74'N, 411 64W) on the north coast of Cornwall, UK (Fig 2.1). The effect of macroalgal canopy 
on the relative abundance of P. vulgata and P. depressa was compared using a three factor 
ANOVA with the factor location (two levels) considered random and the factors habitat (two levels, 
plus or minus Fucus) and species (two levels) both considered fixed. In order to increase the 
power of factors of interest post-hoc pooling was utilised to remove non-significant terms (p>0.25; 
Winer 1971, Underwood 1997). For all ANOVAs heterogeneity of variance was tested using 
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Cochran's test and where appropriate data were transformed. Student-Newman Keuls (SNK) post- 
hoc tests were carried out on significant data (p < 0.05). 
To test the hypothesis that the proportion of P. depressa to P. vulgata should decrease 
with increasing Fucus cover 0.5 x 0.5m quadrats were, randomly placed at two locations, Trevone 
(n=120) and Newquay (n=80; 50° 27'N, 5° 05'W) on the north coast of Cornwall (Fig 2.1). The 
percentage cover of the area covered by Fucus plants was quantified using the point intercept 
method and the relative abundance of each species was recorded. Data were Arcsine transformed 
and analysed using model one regression. To compare for generality between the two shores the 
slopes of the two regressions were analysed using analysis of covariance (ANCOVA). 
To investigate the level of aggregation of P. depressa and P. vulgata over a larger spatial 
area the relative abundances of P. depressa and P. vulgata were quantified for a 9m2 area of 
mixed Fucus patches and open rock at Trevone, on the north coast of Cornwall, UK. It was 
hypothesised that P. vulgata should be more contiguous beneath Fucus patches than on open 
rock. Conversely, P. depressa should avoid Fucus and be more randomly distributed on open 
rock. Using coordinates from a1 m2 quadrat separated into 0.03m2 grid squares the presence of 
Fucus was noted and any limpets within the grid squares were identified and counted. The 
association of the two limpet species with Fucus and open rock habitats was analysed using a two- 
way contingency x2 test. The distance of each limpet to their nearest conspecific neighbour was 
calculated for both species in each of the two habitats. 
To compare the population structure of limpets found on open rock and beneath Fucus 
patches size frequency distributions were calculated. Limpet lengths for both species from the two 
habitats were collected from five locations: Kimmeridge, Corbyn's Head, Brixham, Salcombe and 
Trevone on the south and southwest coast of Britain (Fig 2.1). For each habitat shell length of 
each species of limpet was recorded from three 0.25 x 0.25 m quadrats. Due to the scarcity of P. 
depressa beneath Fucus patches this species was excluded from formal statistical analysis. 
Cumulative size frequencies of P. vulgata from each habitat (beneath Fucus patches and on open 
rock) were compared using a two sample Kolmogarov-Smirnof test for each location. 
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Fig 2.1. Location of study sites on south and southwest coast of Britain. 
2.3 Results 
2.3.1 The distribution of Patella depressa In relation to Fucus patches 
Across a broad geographical scale (100's of kilometres) the proportion of P. depressa to P. 
vulgata was consistently higher on open rock and either low or zero beneath Fucus patches (Fig 
2.2). The effect was significant with post-hoc SNK tests indicating that across all five locations 
higher proportions of P. depressa to P. vu! gata were found on open rock compared to beneath 
Fucus patches (F 1,4 84.02, P <0.01; Table 2.1). At one location, Corbyn's Head, P. depressa was 
slightly although not significantly more abundant beneath Fucus patches than at any of the other 
locations (Fig 2.2). This may be a result of the macroalagae on this shore being juvenile Fucus 
plants (frond length of less then 0.01 m Knight and Parke 1950) at the time of sampling. Previous 
work carried out on the Isle of Man has shown that P. vulgata does not migrate into newly settled 
Fucus patches, but waits until the patches are older (Hawkins and Hartnoll 1983a). 
The proportion of P. depressa to P. vulgata differed across locations irrespective of the 
presence of Fucus, with the proportion of P. depressa to P. vulgata generally decreasing eastwards 
along the English Channel coast (Fig 2.2). The significant effect of location (F 4,20 4.76, P<O. 01; 
Table 2.1) was unsurprising considering the geographical area covered in the survey. This 
included areas near the range edge of P. depressa, where the proportion of P. depressa to P. 
vu/gata was low, to areas in the middle of the range of P. depressa in Britain, where the proportion 
of P. depressa to P. vu/gata neared 0.5 (see Crisp and Southward 1958, Kendall et al. 2004). It is 
perhaps interesting to note that at Trevone and Torbay where P. depressa was most common, this 
species was also found in small proportions beneath Fucus patches (Fig 2.2). In contrast, further 
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east along the English Channel coast where the abundance of P. depressa was not so high, no P. 
depressa individuals were found beneath Fucus patches. 
Table. 2.1. Analysis of variance of the proportion of P. depressa to P. vulgata found beneath Fucus patches 
and on open rock at five locations around the south and southwest coast of Britain. Variances were 
homogenous following arcsine transformation (Cochran's test 0.36; ns). 
Source SS DF MS F P F versus 
Location (Lo) 4044.52 4 1011.13 4.76 <0.01 Residual 
Habitat (Ha) 17832.65 1 17832.65 84.02 <0.01 Lo x Ha 
Location x Habitat 1378.53 4 344.63 1.62 0.21 Residual 
Residual 4244.72 20 212.24 
Total 27490.42 29 
SNK tests 
Habitat Location 
Open rock > Fucus p atch Trevone = Corbyn's Head > Brixham = 
Osmington = Kimmerid ge 
2.3.2 The spatial distribution and population structure of P. vulgata and P. depressa in 
relation to Fucus patches 
At a smaller spatial scale, differences were found in the spatial distribution of P. vulgata 
and P. depressa in relation to Fucus patches. The abundance of P. vulgata was significantly 
higher beneath Fucus patches than on open rock. In contrast, the abundance of P. depressa was 
significantly higher on open rock than beneath Fucus patches (F 3,73 133.87; P <0.01; Table 2.2; 
Fig 2.3). 
There was a clear negative relationship in the proportion of P. depressa to P. vulgata with 
increasing Fucus cover (P<0.01; Fig 2.4) at Newquay and Trevone. There was no significant 
difference in the ANCOVA comparing the differences between the slopes of the two regressions for 
the two locations (F 1,196 0.13; P>0.05), indicating that the reduction in the proportion of 
P. depressa 
to P. vulgata with increasing Fucus cover was consistent between locations. 
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Table 2.2. Analysis of variance of the abundance of P. vulgata and P. depressa beneath Fucus and on open 
rock at Crackington Haven and Trevone. Variances were homogenous following Ln (X + 1) transformation 
(Cochrans 0.2008, ns). The location x habitat x species interaction was non-significant (P >0.25) and was thus 
pooled with the residual to increase the power of the test for the treatment x species interaction. 
Source SS DF MS FPF versus 
Location (Lo) 3.84 1 3.84 15.54 <0.01 1-Pooled 
Habitat (Ha) 9.70 1 9.69 99.57 0.06 Location x Habitat 
Species (Sp) 30.46 1 30.46 504.05 0.02 Location x Species 
Location x Habitat 0.10 1 0.09 0.39 0.53 1-Pooled 
Location x Species 0.06 1 0.06 0.24 0.62 1-Pooled 
Habitat x Species 33.07 1 33.07 133.87 <0.01 1-Pooled 
Lo x Ha x Sp 0.04 1 0.04 0.15 0.69 1-Pooled 
Residual 17.99 72 0.25 
Total 95.25 79 
1-Pooled 18.03 73 0.25 
SNK tests 
Habitat x Species in teraction 
P. vulgata Open rock < Fucus patch 
P. depressa Fucus patch <O pen rock 
Over a 9m2 area, greater numbers of P. vulgata were found beneath Fucus patches (236 
individuals) compared to on open rock (96 individuals) even though Fucus made up only 27% of 
the available habitat. In contrast, more P. depressa were found on open rock (41 individuals) with 
only thirteen P. depressa individuals found beneath Fucus. There was a statistically significant 
association between habitat and the two limpet species with P. vulgata in particular, associated 
with Fucus (chi squared stat = 42.77,1 d. f., P<0.01). When distance to nearest neighbour was 
calculated, 86% of P. vulgata individuals located beneath Fucus patches were found to have 
conspecifics in either the same 0.03m2 grid square or the adjacent one (Fig 2.5a). On open rock 
the number of individuals found in either the same grid square or the adjacent one reduced to 59% 
(Fig 2.5b). Fucus was the less extensive of the two habitats and perhaps made patterns of 
aggregation more evident for P. vulgata. In contrast, P. depressa individuals were more evenly 
dispersed on open rock with only 31 % of individuals found within 5cm of a conspecific and with 
over 43% of P. depressa individuals found 20cm or more from a conspecific (Fig 2.5d). As only 
thirteen P. depressa individuals were found beneath Fucus it is hard to interpret this species level 
of aggregation beneath Fucus patches. 
There were no significant differences between the size frequency distributions of P. vulgata 
individuals found beneath Fucus patches and on open rock at Salcombe, Brixham, Corbyn's Head 
or Kimmeridge (Fig 2.6b-e), indicating that the population structure on open rock and beneath 
Fucus patches was similar. There were however, differences in the size frequency distributions of 
P. vulgata between locations. At Salcombe there were generally higher proportions of small 
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individuals than at Brixham, Corbyn's Head and Kimmeridge, which were made up of a range of 
size classes (Fig 2.6). At Trevone there was a significant size frequency difference between P. 
vulgata individuals from Fucus patches and those from open rock habitats (P<0.05; Fig 2.6a). 
Smaller P. vulgata were found on open rock compared to beneath Fucus patches, with no limpets 
larger than 19mm being found on open rock (Fig 2.6a). 
The size frequency distribution of P. depressa differed between the five locations. At 
Kimmeridge there were no P. depressa individuals smaller than 16mm, indicating that there had 
been no recent recruitment at this shore near the eastern range limit in Britain of P. depressa (Fig 
2.7). The size frequency distributions of P. depressa at Salcombe, Brixham, Corbyn's Head and 
Trevone were all similar with a range of juvenile and adult limpets, although there was a higher 
percentage of smaller P. depressa individuals at Trevone compared to the other three locations 
(Fig 2.7). 
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Figure 2.2. Proportion of P. depressa to P. vulgata found beneath Fucus patches and on open rock at five 
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Figure 2.5. The distance limpets were found from their nearest conspecific neighbour at Trevone. 
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2.4 Discussion 
The results presented here perhaps most importantly show that P. vu/gata and P. depressa 
exhibit different spatial distributions on the shore in relation to Fucus patches and to a lesser extent 
in relation to open rock habitats. P. vulgata preferentially aggregates beneath Fucus patches at all 
locations studied, supporting previous work (Jones 1948, Hawkins and Hartnoll 1983a, Burrows 
and Hawkins 1998). In contrast, across a broad spatial scale (100s km), P. depressa has been 
shown to rarely create home scars beneath Fucus patches. Results also indicate that P. vulgata 
appears to have a more aggregated distribution than P. depressa irrespective of habitat with 86% 
of P. vulgata individuals found beneath Fucus patches and 59% of P. vulgata individuals on open 
rock being located within 10cm of a conspecific. In contrast, just 31 % of P. depressa found on 
open rock were found at a similar distance from a conspecific. Hence it would appear that not only 
do these two limpet species behave differently in relation to Fucus patches, but they also have a 
different spatial distribution on open rock. 
Both species of limpet are able to tolerate temperatures up to around 43°C (P. vulgata 
42.80C; P. depressa 43.3°C; Evans 1948) so it is unlikely that differences in the spatial distribution 
on the shore of either species is as a result of differences in the lethal effects of temperature. It 
could be that sub-lethal stresses experienced by P. vulgata are reduced by aggregating beneath 
Fucus patches. Initial observations indicate that the gonads of P. vulgata develop quicker beneath 
Fucus patches than on open rock (Moore, pers. ob. ) and P. vulgata individuals found beneath 
Fucus patches are known to experience greater annual growth rates beneath Fucus (17.1 mm yr 
than on barnacle covered rock (14.7mm yr-1) (Fretter and Graham 1976). 
The present study provides the first quantitative observations showing that P. depressa 
does not preferentially aggregate beneath Fucus patches. It is not clear why P. depressa does not 
preferentially aggregate beneath Fucus patches, but a number of hypotheses can be suggested. 
Fucus is the dominant space occupying species at northern latitudes, but becomes less dominant 
at lower latitudes being replaced by smaller turf forming algae (Ballantine 1961). Fucus 
vesiculosus is the dominant mid-shore fucoid on moderately exposed shores in northern latitudes, 
but is rare on open coasts becoming restricted to estuaries from the Bay of Biscay to its southern 
range limit in Morocco (Luning 1990, Murias Dos Santos 2000, Boaventura et al. 2002c, Alcock 
2003). In contrast, P. depressa is more commonly found on moderately exposed to exposed 
shores where fucoids are absent over much of its range (Fischer-Piette and Gaillard 1959, Hawkins 
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et al. 1992, Alcock 2003). Hence, the lack of a preference for Fucus patches by P. depressa may 
be a direct result of the absence of Fucus over much of its range. The biogeographic range of P. 
depressa extends to Senegal in West Africa with this species reaching its northern range limit in 
Britain. Therefore P. depressa is unlikely to experience thermal stresses in Britain that might 
require it to seek habitat amelioration from canopy forming algae. This theory requires testing as 
there may be latitudinal clines in the tolerance of P. depressa populations to high temperatures. 
On shores of SW Britain, P. depressa is a summer breeder with peak spawning times 
coinciding with maximum air temperatures and possibly increased wave action (Orton and 
Southward 1961, Fretter and Graham 1976). Towards the southern range limits of P. depressa 
gonad activity drops with increasing temperatures (Guerra and Gaudencio 1986), which may reflect 
the adverse effects of excessive warmth near this species southern range limits (Lewis et al. 1982). 
On shores in southwest Britain higher numbers of P. depressa are found on warmer southern 
facing rock surfaces than on cooler northern facing surfaces (Hawkins, unpub). This may indicate 
that P. depressa near its northern range limit seek habitats that increase the amount of heat 
absorbed, either for gonad development or for some other physiological reason, such as grazing 
activity or digestion. 
Both species of limpet settle into permanently wet places such as pools (Bowman 1981, 
Delany et al. 1998), with P. vulgata emerging out of pools at the end of their first year. P. vulgata 
individuals still require protection from temperature and desiccation stress and are therefore 
restricted to damp microhabitats such as crevices, beneath Fucus patches, amongst barnacles and 
mussels (Bowman 1981). Thus whilst Patella spp. control the establishment of fucoid stands, once 
established fucoids provide ideal 'nursery' grounds for P. vulgata (Southward and Southward 
1978). P. depressa does not emerge from 'nursery' pools until the end of their second or third year 
(Bowman 1981) by which time they may already be able to tolerate the environmental conditions 
experienced on open rock. Higher concentrations of microalgal food are found beneath Fucus 
patches than on open rock (Thompson et al. 2004), and although P. depressa may not require the 
habitat amelioration provided by Fucus patches it would be reasonable to expect P. depressa to 
create home scars beneath Fucus patches to exploit this food resource. It may be that P. depressa 
avoids preferentially aggregating beneath Fucus patches to reduce inter- and intraspecific 
competition, as lower overall limpet densities are found on open rock compared to beneath Fucus 
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patches. Further experiments to examine the behaviour of the two limpet species when exposed to 
uncolonised Fucus patches will test this hypothesis (Chapter 3). 
The lack of significant differences in the size frequency distributions of P. vulgata 
populations found beneath Fucus patches and open rock was surprising considering previous 
studies, which have found that juvenile P. vulgata require habitat amelioration once they emerge 
from 'nursery' pools (Bowman 1981), resulting in a greater proportion of smaller size classes 
beneath Fucus patches than on open rock (Hawkins 1983, Burrows and Hawkins 1998). Since 
these studies were carried out at locations further north than the present work it is possible that in 
the warmer southwest of Britain, all size classes of P. vulgata may need to preferentially aggregate 
under Fucus patches. The high proportion of larger P. vulgata found beneath Fucus compared to 
open rock at Trevone may be a result of larger individuals competitively excluding smaller 
individuals from Fucus patches in areas where it is the preferred habitat. Intraspecific competition 
has been shown to occur in both P. vulgata (Boaventura et al. 2002b) and P. depressa 
(Boaventura et al. 2003), with juveniles or smaller individuals more likely to lose out (Lewis and 
Bowman 1975). Although increased temperatures may explain the different size frequency 
distribution of P. vulgata beneath Fucus patches and on open rock in this study, it is also worth 
noting that previous studies (Hawkins 1983, Hartnoll and Hawkins 1985, Johnson et al. 1997) were 
carried out on shores where the rock was smoother. On rock which is more rugose, such as that in 
the current study, smaller limpets may find some habitat amelioration in crevices on open rock. 
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Chapter Three 
Behaviour of a northern and southern species of limpet in relation to Fucus 
patches 
3.1 Introduction 
Canopy forming algae are conspicuous members of the community on all but the most 
exposed rocky shores of the North Atlantic (Lewis 1964, Stephenson and Stephenson 1972) and 
provide an important habitat for a variety of other species (Hawkins et al. 1992, Thompson et al. 
1996, Bertness and Leonard 1997, Bertness et at. 1999, Leonard 2000). This often results in 
increased diversity beneath canopy forming algae compared to areas of adjacent open rock 
(Thompson et al. 1996, Jenkins et at. 1999b). Therefore this key habitat has a large impact on the 
distribution of species in the intertidal and in turn for rocky shore community structure and 
dynamics. 
Fucus vesiculosus, the main canopy forming macroalgae at mid-tide on moderately 
exposed shores in the NE Atlantic becomes less abundant with decreasing latitude (Ballantine 
1961) and becomes rare and restricted to very sheltered and estuarine shores from southern 
France to its biogeographic range limit in Morocco (Luning 1990, Veiga et al. 1998, Calvo et al. 
1999, Murias Dos Santos 2000, Boaventura et al. 2002c). At these lower latitudes grazers and 
barnacles become the dominant organisms (Ballantine 1961) and the large canopy forming algae 
are replaced by functionally different low growing turf forming algae (Ballantine 1961, Murias Dos 
Santos 2000, Boaventura et al. 2002a, Boaventura et al. 2002c). In the British Isles the balance 
between grazers and canopy forming fucoid algae is delicately poised (Southward and Southward 
1978, Hawkins 1983). 
In chapter two I showed that where P. vulgata and P. depressa co-exist on moderately 
exposed shores in southwest Britain, they have differing spatial distributions in relation to Fucus. 
P. vulgata preferentially aggregates beneath Fucus patches, perhaps as a result of Fucus patches 
ameliorating temperature extremes (Burrows and Lodge 1950, Hawkins and Hartnoll 1983b, 
Hawkins and Hartnoll 1983a, Hartnoll and Hawkins 1985, Johnson et al. 1997, Burrows and 
Hawkins 1998, Johnson et al. 1998), increasing relative humidity (Thompson et al. 1996), and 
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having higher concentrations of microalgal food beneath them (Thompson et at. 2004). In contrast, 
P. depressa does not preferentially aggregate beneath Fucus. 
Although P. depressa may not need the habitat amelioration provided by Fucus patches, 
there is evidence to suggest that there is a higher concentration of microalgal food beneath Fucus 
patches than on open rock (Thompson et at. 2004). It could therefore be suggested that P. 
depressa should create home scars beneath Fucus patches to take advantage of this increased 
food resource, particularly during summer months when there is a reduced abundance of 
microalgal food (Thompson et at. 2000, Jenkins et at. 2001) and some evidence to suggest that this 
food source is limited (Thompson et al. 2000). It may be that P. depressa does not preferentially 
aggregate beneath Fucus patches because it is competitively excluded by P. vulgata. Competition 
between individuals or different species occurs when there is an adverse effect on a species or 
individual trying to acquire a common resource (Birch 1957). In this case amelioration from 
environmental extremes or increased food resources. Hence, due to similarities in the diet and 
radula structure of P. depressa and P. vulgata (Hawkins et at. 1989) it is likely that these species 
will experience some interspecific competition for resources in Britain as they do in Portugal 
(Boaventura et at. 2002b). It could be that P. depressa creates its home scars on open rock, where 
there are lower limpet densities, to avoid or reduce interspecific competition with P. vulgata for 
resources and/or space. Similar explanations have been suggested for why P. vulgata emigrated 
out of 'nursery' pools where the density of P. vulgata and P. ulyssiponensis was high into habitats 
outside of rockpools where limpet density was lower (Delany et al. 1998). 
Although canopy-forming macroalgae provide an important habitat for a variety of intertidal 
species (Hawkins et al. 1992, Thompson et al. 1996, Bertness and Leonard 1997, Leonard 2000), 
including P. vulgata, anemones, dogwhelks and littorinids, little research has been carried out on 
algal responses to climate change. It is thought that temperature and light are probably the most 
important factors In limiting the biogeographic distributions of many algal species (Breeman 1988, 
Bolton and Anderson 1990, Lobban and Harrison 1997), with small rises in temperature leading to 
major changes in algal distribution (Breeman 1990, Beardall et al. 1998). Barry et al. (1995) found 
that a sea temperature rise of 2.2°C over a sixty year period was correlated with an increased 
dominance of low growing turf forming algae at the expense of larger fucoid species. It is believed 
that increased temperatures as a result of global warming will lead to an extension of the summer 
sterile period experienced by fucoid algae and increased storminess will reduce the fertilisation 
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success and gamete release of some species (Coelho et al. 2000). It is also predicted that 
increases in photosynthetic active radiation (PAR) and ultra violet light will be lethal to algae at 
critical times of development (Franklin and Forster 1997). As a consequence of Increases in sea 
and air temperature and PAR as well as increased storminess it is likely that fucoids will become 
restricted to more northerly latitudes and sheltered locations with global warming (Ballantine 1961, 
Franklin and Forster 1997, Sagarin et al. 1999, Coelho et al. 2000). There is some evidence to 
suggest that this northwards range movement has already started with some cold-temperate 
canopy forming species, such as Laminaria spp. (Breeman 1990, Murias Dos Santos 2000), 
Himanthalia elongata and Pelvetia canaliculata (Murias Dos Santos 2000), already becoming 
scarcer at their southern range limits. 
If as predicted under climate change scenarios canopy forming macroalgae becomes 
restricted to more northerly latitudes, it Is likely that this loss will affect P. vu/gata and P. depressa 
in different ways. If P. vulgata preferentially aggregates beneath Fucus patches for the habitat 
amelioration provided, it is likely that the loss of Fucus will result in P. vulgata relocating to 
environments where environmental extremes are ameliorated. At its southern range limit, where 
Fucus patches are rare (Ballantine 1961, Murias Dos Santos 2000, Boaventura et al. 2002c) and 
heat and desiccation stress greater, P. vulgata is limited to damp microhabitats and the low shore 
(Guerra and Gaudencio 1986, Lewis 1986, Murias Dos Santos 2000). As a result of the interaction 
between P. vulgata and Fucus patches it is likely that the loss of either species will modify how the 
other species responds to climatic warming. 
The pverall aim of this chapter was firstly to investigate the reasons for the differential 
behaviour of P. depressa and P. vulgata in relation to Fucus patches and secondly the 
consequences for these two limpet species should Fucus patches be lost due to climatic warming. 
P. vulgata has been shown to relocate home scars to beneath new Fucus patches when 
they become available (Burrows and Lodge 1950, Hawkins and Hartnoll 1983b, Hartnoll and 
Hawkins 1985, Burrows and Hawkins 1998, Roberts 2002), therefore uncolonised Fucus patches 
were made available to both limpet species. It was hypothesised that if P. depressa creates home 
scars on open rock solely to avoid interspecfic competition, then if uncolonised Fucus patches 
became available P. depressa should relocate home scars to beneath Fucus patches in the same 
proportions as P. vulgata. 
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Manipulative field experiments were used to investigate the response of both P. vulgata and 
P. depressa to the loss of Fucus patches. Responses were quantified in terms of mortality and 
relocation of home scars. I hypothesised that the loss of Fucus would have a much greater effect 
on P. vulgata compared to P. depressa, by effectively reducing a high quality microhabitat. 
3.2 Materials and methods 
3.2.1 Behaviour of a northern and southern species of limpet In relation to Fucus patches 
To investigate the movement of P. vulgata and P. depressa Into uncolonised Fucus 
patches experiments were run from March to August 2004 at two locations, Trevone and 
Crackington Haven on the north coast of Cornwall, UK (Fig 3.1). Both shores are moderately 
exposed with areas of open rock, barnacle covered rock and a mosaic of Fucus patches. At both 
locations the proportion of P. depressa to P. vulgata is approximately equal. To create Fucus 
patches live individual Fucus plants were removed from the substrate with a scalpel, removing the 
holdfast and the frond, then attached to PVC plates (10 x 10cm) using cable ties where they 
continued to survive and grow. Enough individual plants were attached to each plate to create a 
Fucus patch of approximately 0.25m2. Fifteen Fucus plates were attached to the rock substrate via 
stainless steel screws into rawlplugs at mid-shore level on each of the two shores. All limpets 
located beneath the attached Fucus patches were removed. Fucus plates were examined every 
two weeks and any limpets that had relocated home scars to beneath the Fucus patches were 
identified and double tagged with micro-numbers glued to the shell with cyanoacrylate. 
A two factor ANOVA was performed to compare the movement of P. vulgata and P. 
depressa into the uncolonised Fucus patches, with the factor location (two levels) considered 
random and the factor species (two levels) considered fixed. Heterogeneity of variance was 
checked using Cochran's test with the data subsequently fourth root transformed. In order to 
increase the power of factors of interest post-hoc pooling was utilised to remove non-significant 
terms (p>0.25; Winer 1971, Underwood 1997). Student-Newman Keuls (SNK) post-hoc tests were 
carried out on significant data (p < 0.05). 
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3.2.2 Limpet behaviour following the experimental loss of Fucus 
Manipulative experiments to investigate the effect of the loss of Fucus on the behaviour of 
P. vulgata and P. depressa were carried out at Trevone and Crackington Haven, on the north coast 
of Cornwall, UK (Fig 3.1). Experiments were conducted between June and September in both 
2002 and 2003. At mid-shore level 20 areas with Fucus vesiculosus (hereafter referred to as 
Fucus) patches of approximately 900cm2 in size were randomly allocated to two treatments: Fucus 
present (unmanipulated control) or Fucus removal. In the Fucus removal treatments Fucus 
canopy, including holdfast, were removed from the substrate with a scalpel. Ten areas of open 
rock (control) were also selected, creating three treatments. Responses of P. vulgata and P. 
depressa were monitored independently in each of five replicate plots for each of the three 
treatments. Five P. vulgata or P. depressa were randomly selected within each experimental plot; 
these individuals were double tagged with micro-numbers glued to the shell with cyanoacrylate and 
shell length measured with callipers. 
The response of limpets to the removal of Fucus patches was recorded in two ways: 
distance moved to a new home scar or mortality. To quantify relocation to new home scars the 
position of each limpet was recorded using coordinates from a1 m2 grid separated into 0.03m2 grid 
squares. Limpet positions prior to treatment manipulations were taken to be the limpets initial 
home scars. The position of each individual was then determined every fourteen days during low 
water when the limpets were not active (i. e. on their home scars). In cases where limpets had 
relocated from their home scar, the habitat to which they had moved was noted. Where limpets 
were missing from plots, a fifteen-minute search of the surrounding area (approximately 9m2) was 
made and if the limpets were not found they were assumed to have died. 
In 2002 a large number of limpets from all treatments died at Trevone, probably as a 
consequence of natural sand scour in some of the experimental areas. Therefore the data was 
unsuitable for formal statistical analysis and analysis in 2002 was only carried out on the data 
collected for Crackington Haven. In 2003 problems with sand scour did not occur and comparisons 
were made between Trevone and Crackington Haven. 
To examine for temporal consistency the differences between the three treatments were 
compared with a three factor ANOVA for the two dependant variables, movement of limpets from 
their home scars and mortality, at Crackington Haven in 2002 and 2003. The factors treatment 
(three levels) and species (two levels) were considered fixed and the factor year (two levels) was 
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considered random. To examine for consistency of spatial patterns data for Trevone and 
Crackington Haven in 2003 were compared with a three factor ANOVA with the factors treatment 
(three levels) and species (two levels) considered fixed and the factor location (two levels) 
considered random. The number of individual limpets available for analysis of distance moved to a 
new home scar was unequal due to differential mortality between treatments, and so data were 
randomly removed from treatments to create a balanced design (Underwood 1997). This resulted 
in n=12 limpets per treatment being used for data from Crackington Haven in 2002 and 2003 and 
n=1 7 limpets per treatment being used for data from Crackington Haven and Trevone in 2003. For 
all analyses heterogeneity of variance was tested using Cochran's test and where appropriate data 
were either natural log (x + 1) transformed or fourth root transformed. In order to increase the 
power of factors of interest post-hoc pooling was utilised to remove non-significant terms (p>0.25; 
Winer 1971, Underwood 1997). Student-Newman Keuls (SNK) post-hoc tests were carried out on 
significant data (p < 0.05). 
To investigate the relationship between limpet size and the distance moved in finding a 
new home scar correlation analysis was performed for each species/treatment combination. As the 
data differed significantly from a normal distribution following transformation Spearman's rank-order 
correlation was used. 
N 
Crackingtýn 
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Fig 3.1. Location of study sites on the north coast of Cornwall, UK. 
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3.3 Results 
3.3.1 Behaviour of a northern and southern species of limpet In relation to Fucus patches 
At Crackington Haven up to 26 P. vulgata individuals were found to have relocated home 
scars to beneath a single 0.25m2 Fucus patch. In contrast, a maximum of two P. depressa 
individuals were found to have relocated their home scars to beneath a single Fucus patch. At 
Trevone a maximum of twelve P. vulgata individuals were found to have relocated their home scars 
beneath a single uncolonised Fucus patch, compared to a total of just two P. depressa individuals 
found to have relocated their home scars to beneath any of the fifteen Fucus patches. Significantly 
higher numbers of P. vulgata relocated their home scars to beneath Fucus patches compared to P. 
depressa at both locations (F 1,57 60.85, P<0.01; Table 3.1; Fig 3.2). 
Table 3.1. Analysis of variance of the movement of P. vulgata and P. depressa Into uncolonised Fucus 
patches at Crackington Haven and Trevone. Variances were homogenous following fourth root transformation 
(Cochran's test C=0.4504, ns). Location x species Interaction was non-significant (P >0.25) and was thus 
pooled with the residual to increase the power of the test for the factor species. 
Source SS DF MS F P F versus 
Location 1.12 1 1.12 3.64 0.06 1-pooled 
Species 18.75 1 18.75 60.85 <0.01 1-pooled 
Location x Species 0.20 1 0.20 0.64 0.43 1-pooled 
Residual 17.37 56 0.31 
Total 37.44 59 
1-pool 17.57 57 0.31 
SNK test 
Species 
P. vulgata > P. depressa 
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Figure 3.2. Mean number of limpets relocating their home scars to beneath uncolonised Fucus patches. As 
results were consistent at both Crackington Haven and Trevone the data from both locations have been 
combined. Error barst 1 SE. ** P<0.01. 
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3.3.2 Limpet behaviour following loss of Fucus patches 
Movement 
P. vulgata relocated their homes scars more often than P. depressa in response to the 
experimental removal of Fucus patches, moving further from their home scars than in all other 
treatments. This behaviour was consistent at Crackington Haven in 2002 and 2003 (F 2,143 23.58, 
P<0.05; Table 3.2; Fig 3.3a) and across locations in 2003 (F 2,194 3.4, P<0.05; Table 3.3; Fig 3.3b). 
The maximum distance an individual P. vulgata moved to relocate their home scar following Fucus 
removal was over two metres away from their original home scar. Of the P. vulgata that moved 
following Fucus removal 45% from Crackington Haven in 2002 and 2003 and 25% at Trevone and 
Crackington Haven in 2003 were'found to have relocated their home scars to beneath another 
Fucus patch. In contrast, P. depressa stayed loyal to their home scars in Fucus removal, 
unmanipulated Fucus patches and open rock treatments at both locations in 2003. However, when 
comparing the two years at Crackington Haven, P. depressa did move a small but significant 
distance from their home scars in the unmanipulated Fucus patch (8.5cm ± 1.6cm) and Fucus 
removal (5.6cm ± 1.4cm) treatments compared to open rock treatments (Table 3.2; Fig 3.3a). 
However, all individuals remained within the area of the Fucus patch in which they were initially 
tagged. 
There was a significant positive correlation between limpet size and distance moved in 
relocating home scars'for P. vulgata in Fucus removal treatments at Crackington Haven in 2002 
(r8 = 0.53; n =15; P<0.05), with larger limpets moving greater distances in relocating their home 
scars. Larger P. vulgata individuals in Fucus removal treatments also moved greater distances in 
relocating home scars at Crackington Haven in 2003, although this proved not to be significant, 
(r5 =0.28; n =23; P =0.28). There were no significant correlations between limpet size and distance 
moved for P. vulgata at Trevone or in Fucus patch and open rock treatments at Crackington 
Haven. There were no correlations between distance moved in relocating home scars and length 
for P. depressa in any of the treatments at Trevone or Crackington Haven. 
Mortality 
P. vulgata experienced higher mortality (approx 40%) in Fucus removal treatments than in 
unmanipulated Fucus patches (approx 20%) and on open rock (approx 24%). P. vulgata 
experienced higher mortality than P. depressa in Fucus removal treatments, with P. depressa 
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experiencing the same level of mortality irrespective of treatment. These patterns were evident for 
each species at Crackington Haven in 2002 and 2003 (F 2,50 4.42, P<0.05; Table 3.4; Fig 3.4a) and 
at both locations in 2003 (F 2,50 3.75, P<0.05; Table 3.5; Fig 3.4b). 
Table 3.2. Analysis of variance of distance that limpets were found from their home scar for three treatments: 
Fucus removal (FR), Fucus patch (FP) and open rock (OR) at Crackington Haven in 2002 and 2003. 
Variances were homogenous following Ln (X + 1) transformation (Cochran's test C=0.1141, ns). Due to 
unequal levels of mortality n=12 limpets were used per treatment. 
Source SS DF MS F P F versus 
Year (Ye) 3.04 1 3.04 0.67 0.42 Residual 
Treatment (Tr) 35.46 2 17.73 4.44 0.18 Ye x Tr 
Species (Sp) 6.00 1 6.00 332.59 0.03 Ye x Sp 
Year x Treatment 7.98 2 3.99 0.88 0.42 Residual 
Year x Species 0.02 1 0.02 0.00 0.95 Residual 
Treatment x Species 17.07 22 8.54 23.58 0.04 Ye x Tr x Sp 
Ye x Tr x Sp 0.72 2 0.036 0.08 0.92 Residual 
Residual 601.00 132 4.55 
Total 671.32 143 
SNK tests 
Treatment x Species Species x Treatment 
P. vulgata FR>FP=OR Fucus removal P. vulgata > P. depressa 
P. depressa FR=FP>OR Fucus patch P. vulgata = P. depressa 
Open rock P. vulgata = P. depressa 
Table 3.3. Analysis of variance of distance that limpets were found from their home scar for three treatments: 
Fucus removal (FR), Fucus patch (FP) and open rock (OR) at Trevone and Crackington Haven in 2003. 
Variances were homogenous following Ln (X + 1) transformation (Cochran's test C=0.1496, ns). Location x 
habitat x species interaction was non-significant (P >0.25) and was pooled with the residual to increase the 
power of the test for treatment x species interaction. Due to unequal levels of mortality n=17 limpets per 
treatment. 
Source SS DF MS F P F versus 
Location (Lo) 9.45 1 9.45 8.68 0.00 1-Pooled 
Treatment (Tr) 4.33 2 2.17 0.89 0.53 Lo X Tr 
Species (Sp) 7.39 1 7.39 35.55 0.11 Lo x Sp 
Location x Treatment 4.86 2 2.43 2.23 0.11 1-Pooled 
Location x Species 0.21 1 0.21 0.19 0.66 1-Pooled 
Treatment x Species 7.39 2 3.7 3.4 0.04 1-Pooled 
Lo x Tr x Sp 0.73 2 0.37 0.34 0.72 1-Pooled 
Residual -210.5 192 1.1 
Total 244.86 203 
1-Pooled 211.23 194 1.09 
SNK Tests 
Treatment x Species Species x Treatment 
P. vulgata FR>FP=OR Fucus removal P. vulgata > P. depressa 
P. depressa FR=FP=OR Fucus patch P. vulgata = P. depressa 
Open rock P. vulgata = P. de pressa 
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Table 3.4. Analysis of variance of limpet mortality in three treatments: Fucus removal (FR), Fucus patch (FP) 
and open rock (OR) at Crackington Haven in 2002 and 2003. Cochran's test C=0.1948, ns. Year x treatment 
x species interaction was non-significant (P>0.25) and was pooled with the residual to increase the power of 
the test for the treatment x species interaction. 
Source SS DF MS F P F versus 
Year (Ye) 4.27 1 4.27 6.70 0.01 1-pooled 
Treatment (Tr) 4.43 2 2.22 19.00 0.05 Ye x Tr 
Species (Sp) 1.07 1 1.07 4.00 0.30 Ye x Sp 
Year x Treatment 0.23 2 0.12 0.18 0.83 1-pooled 
Year x Species 0.27 1 0.27 0.42 0.52 1-pooled 
Treatment x Species 5.63 2 2.82 4.42 0.02 1-pooled 
Ye x Tr x Sp 1.03 2 0.52 0.81 0.45 1-pooled 
Residual 30.80 48 0.64 
Total 47.73 59 
1-pooled 31.83 50 0.64 
SNK tests 
Treatment x Species i nteraction Species x Treatment Interaction 
P. vulgata FR>FP=OR Fucus removal P. vulgata > P. depressa 
P. depressa FR=FP=OR " Fucus patc h P. vulgata = P. depressa Open rock P. vulgata = P. de pressa 
Table 3.5. Analysis of variance of limpet mortality in three treatments: Fucus removal (FR), Fucus patch (FP) 
and open rock (OR) at Trevone and Crackington Haven in 2003. Cochran's test C=0.1932, ns. Location x 
treatment x species interaction was non-significant (P>0.25) and was pooled with the residual to increase the 
power of the test for the treatment x species interaction. 
Source SS DF MS F P F versus 
Location (Lo) 1.67 1 1.67 2.30 0.13 1-pooled 
Treatment (Tr) 3.23 2 1.62 1.59 0.39 Lo x Tr 
Species (Sp) 3.27 1 3.27 49.00 0.09 Lo x Sp 
Location x Treatment 2.03 2 1.02 1.40 0.26 1-pooled 
Location x Species 0.07 1 0.07 0.09 0.77 1-pooled 
Treatment x Species 5.43 2 2.72 3.75 0.03 1-pooled 
Lo x Tr x Sp 1.03 2 0.52 0.71 0.50 1-pooled 
Residual 35.20 48 0.73 
Total 51.93 59 
1-pooled 36.23 50 0.72 
SNK tests 
Treatment x Species interaction Species x Treatment interaction 
P. vulgata FR>FP=OR Fucus removal P. vulgata > P. depressa 
P. depressa FR=FP=OR Fucus patch P. vulgata = P. depressa 
Open rock P. vulgata = P. de pressa 
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Figure 3.3. Mean distance moved from home scar for P. depressa and P. vulgata for three treatments: Fucus 
removal (FR), Fucus patch (FR) and Open rock (OR). Error bars ±I SE. a) Means for Treatment x species 
interaction at Crackington Haven for 2002 and 2003 as pattern was consistent among years. b) Means for 
Treatment x species interaction at Trevone and Crackington Haven in 2003 as pattern was consistent among 
sites. ** P<0.01; ns=not significant. 
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Figure 3.4. Limpet mortality In three treatments: Fucus removal (FR), Fucus patch (FP) and Open rock (OR). 
a) Means for Treatment x species interaction at Crackington Haven for 2002 and 2003 as pattern was 
consistent among years. b) Means for Treatment x species Interaction at Trevone and Crackington Haven in 
2003 as pattern was consistent among sites. ** P<0.01; ns = not significant 
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3.4 Discussion 
3.4.1 Behaviour of a northern and southern species of limpet In relation to Fucus patches 
Large numbers of P. vulgata individuals relocated home scars to beneath newly available 
Fucus patches. These results support previous work on P. vulgata, which have shown that this 
species will relocate their home scars to beneath Fucus patches when they become available 
(Hawkins 1983, Hartnoll and Hawkins 1985, Roberts 2002). In contrast, very few P. depressa 
individuals relocated their home scars to beneath uncolonised Fucus patches with a total of only 
two being found under any of the fifteen Fucus patches at Trevone. If as hypothesised, P. 
depressa creates home scars on open rock, where limpet densities are lower, in order to reduce 
interspecific competition with P. vulgata, it would be expected that P. depressa would relocate their 
home scars to beneath the uncolonised Fucus patches at the same rate as P. vulgata. These 
results would suggest P. depressa avoids Fucus patches even when the patches are uncolonised 
by con-specifics or P. vulgata. Therefore P. depressa seems to avoid creating home scars 
beneath Fucus patches for reasons other than competition with P. vulgata. 
In chapter two I gave a number of suggestions to explain why P. depressa does not 
preferentially aggregate beneath Fucus patches including, that this southern/lusitanian species 
may simply not need the habitat amelioration provided by Fucus patches, or that P. depressa 
actually requires the increased temperatures experienced on open rock compared to beneath 
Fucus patches for physiological reasons. Significantly more P. depressa are found on warmer 
south facing rock than warmer north facing rock (Hawkins, unpub. ). Alternatively, it has also been 
suggested that Fucus may have a negative effect on P. depressa as this species was slow in 
recolonising Fucus covered rock compared to scoured rock without Fucus following the Torrey 
Canyon oil spill in 1967 (Southward and Southward 1978, Hawkins and Southward 1992). It may 
be that the chemical defences that Fucus possesses such as phlorotanins and galactolipids, which 
are readily extruded and abundant in Fucus exudates (Lobban and Harrison 1997), and are known 
to restrict herbivore grazing, may deter P. depressa individuals from creating home scars beneath 
Fucus patches (Deal et al. 2003, Jormalainen et al. 2003). The reasons for P. depressa not 
aggregating beneath Fucus patches cannot be explained by data presented here, but it would 
appear that P. depressa does not relocate home scars to beneath Fucus patches even when they 
are uncolonised by P. vulgata. 
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Experimental removal of Fucus led to increased P. vulgata mortality probably as a 
consequence of greater thermal stress and desiccation associated with the removal of this 
important habitat. Temperatures beneath Fucus patches in the summer can be up to 5°C cooler 
than on open rock, while the relative humidity beneath Fucus patches can be up to 20% higher 
than on open rock (Wilson and Hawkins, unpub). Similar subtle changes In temperature have been 
shown to influence the survival of other intertidal species such as barnacles (Bertness et al. 1999, 
Leonard 2000). Removal of Fucus also resulted in increased relocation of P. vulgata to new home 
scars with individuals moving to new Fucus patches. Hence, the local persistence of P. vulgata is 
enhanced presumably by the habitat amelioration Fucus patches provide. In contrast, removal of 
Fucus appears to have little effect on the behaviour or mortality of the southern/Iusitanian 
congeneric species, P. depressa. 
3.4.2 Biotic interactions modify species responses to climate change 
The direct amelioration of environmental conditions by organisms such as canopy forming 
algae will become more important as warming increases, and species of limpets, littorinids, whelks 
and anemones will increasingly become restricted to habitats where climatic extremes are buffered. 
Habitat amelioration also increases the persistence of other marine species including the northern 
barnacle, Semibalanus balanoides, whose survivorship was increased by shading from macroalgae 
at hotter southern sites, but not at cooler northern sites (Bertness et al. 1999, Leonard 2000). 
Furthermore high-level salt marsh plants experience facilitative effects of neighbouring plants at 
hotter southern sites but not at cooler northern sites (Bertness and Ewanchuk 2002). Therefore if 
warming continues as predicted, the local persistence of many species may become more 
dependent on the presence of others and shifts in species distributions may be magnified where 
biologically generated habitats, such as algal canopies, are lost. 
Under 'climate envelope' predictions the abundance of P. depressa at sites in Britain 
should increase with temperature (Fig 3.4a) while the abundance of P. vulgata and Fucus should 
decrease as temperature rises (Fig 3.4a & b). However, when the interaction with Fucus is 
incorporated a stepped response in the relative abundance of these limpet species is likely to occur 
at the edge of the distributional boundary of Fucus (Fig 3.4c). The abundance of P. vulgata 
decreasing sharply as a consequence of increased environmental stress resulting from the loss of 
habitat amelioration from Fucus. in contrast, the abundance of P. depressa is likely to rapidly 
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increase as it fills niches vacated by P. vulgata. This switch in the relative abundance of P. vulgata 
and P. depressa is apparent when the proportion of the two limpet species is compared between 
shores in south-west Britain (mean proportion of P. depressa 0.30; 50° 19'N, 4° 07'W; Jenkins et at. 
2001), where Fucus can be abundant, and shores in northern Spain (mean proportion of P. 
depressa 0.81; 43 °34'N, 6° 11'W; Jenkins et al. 2001), where Fucus becomes rare on open coasts 
(Fischer-Piette 1955, Ballantine 1961, Murias Dos Santos 2000, Boaventura et al. 2002c). 
Therefore synergistic indirect effects may modify the direct effects of climate change through 
positive and/or negative interactions and feedback. For example, the rate at which species with 
northern distributions are replaced by those with southern distributions may be modulated by 
changes in the abundance of habitat forming species which ameliorate the environment. The 
extent and quality of habitat will decrease for some species and increase for others. Hence, 
without the consideration of biotic interactions, predictions of species range shifts are likely to be 
inaccurate. 
If canopy forming algal abundance reduces on southwest shores, perhaps as a result of 
climate change, it is likely that P. vulgata will become restricted to damp microhabitats, as currently 
occurs at its range edge in southern Portugal (Guerra and Gaudencio 1986). Survival of younger 
more vulnerable stages will also be reduced in the absence of Fucus canopy. In contrast, loss of 
Fucus may increase the relative abundance of P. depressa. Similar increases in the abundance of 
species with southern biogeographic ranges in areas vacated by species with northern 
biogeographic ranges has been predicted for other marine and terrestrial species (Sagarin et al. 
1999, Berry et al. 2002). Alternatively if Fucus is able to tolerate the effects of climate change, as a 
result of the environmental amelioration provided by Fucus patches, P. vulgata may be able to 
persist where otherwise it would not. 
3.4.2.2 Community level responses to local changes in grazer distribution 
The grazing behaviour of P. vulgata contributes to the conspicuous mosaic of variously 
aged macroalgal patches common on many moderately exposed shores of the NE Atlantic (Lewis 
1964, Hawkins 1983, Hartnoll and Hawkins 1985, Hawkins et al. 1992), which in turn influences the 
community structure of rocky shores as a higher diversity of species is found beneath Fucus 
patches compared to areas of adjacent emergent rock (Thompson et al. 1996, Jenkins et at. 
1999a). P. vulgata plays a key role in structuring rocky shore communities because of its 
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aggregative behaviour, which can lead to a patchy distribution of grazing Intensity enabling Fucus 
escapes to occur (Hartnoll and Hawkins 1985). My data shows that P. depressa does not 
preferentially aggregate beneath Fucus patches, resulting In a more even distribution of grazing 
activity and probably an associated reduction in the probability of Fucus escapes, compounding the 
reduction in Fucus canopy caused by climatic warming. Hence changes in the spatial distribution 
of grazers, as a response to climate change, could have broad-scale implications for community 
dynamics on rocky shores. Differences in the grazing activity of P. depressa and P. vulgate will be 
investigated further (chapter 4) to see if both species have a similar role in controlling the 
abundance of macroalgae on the shore. 
These results not only show that habitat ameliorating species can have an important role in 
the local persistence of some species. More importantly they show that, in response to climate 
change, the relative balance of species with northern and southern biogeographic distributions may 
be amplified by changes in the abundance of habitat ameliorating species such as fucoid algae. I 
also demonstrate that species, which are thought to be very similar in terms of their physiology and 
ecology can have subtle differences in their behaviour, which may fundamentally alter community 
dynamics in benthic habitats. Without taking into consideration interactions such as these, 
predictions of species range shifts, across both temporal and spatial scales, are likely to be 
inaccurate. 
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Fig 3.4. Changes in the abundance of a) two species of limpet (P. vulgata a northern/boreal species and P. 
depressa a southern/lusitanian species) and b) Fucus vesiculosus with increasing temperature c) the interactive effect of Fucus vesiculosus and temperature on the abundance of P. vulgata and P. depressa. 
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Chapter Four 
Chapter 4 
The effects of temperature and gonad ripening on the grazing activity of P. 
vulgata and P. depressa 
4.1 Introduction 
On shores where both P. vulgata and P. depressa co-exist it has been assumed that P. 
depressa exerts a similar role in controlling macroalgal abundance because of similarities between 
these two species radula structure (Hawkins et al. 1989), ecology and behaviour (Thompson et al. 
2000, Jenkins et al. 2001, Boaventura et al. 2002a, Boaventura et al. 2002b). In previous chapters 
have shown that P. depressa and P. vulgata have different spatial distributions in the intertidal 
and this is driven by their behaviour in relation to Fucus (Chapter 2). P. vulgata preferentially 
aggregates beneath Fucus patches while P. depressa avoids them (Chapter 2). In addition the 
loss of Fucus results in mortality and relocation of home scars for P. vulgata, but has little effect on 
P. depressa (Chapter 3). The relative abundance of these two species is expected to alter with 
global warming. The abundance of P. depressa is predicted to increase and the abundance of P. 
vulgata is expected to decrease (Southward et al. 1995). If the proportion of P. depressa 
increases, for example, in response to climatic warming, the chance of Fucus escapes occurring 
are likely to be reduced due to the more even spatial distribution of limpet grazing activity. This will 
have broad-scale implications for rocky shore community structure in the NE Atlantic. 
Both limpet species are generalist grazers consuming microbial films made up of bacteria, 
diatoms, cyanobacteria, protozoa and juvenile stages of macroalgae embedded in a muco- 
polysaccharide matrix (Wahl 1989, Hill and Hawkins 1991). Gut content analysis of P. vulgata, has 
shown that in addition to elements of the microbial film, including juvenile stages of macroalgae, 
large items such as barnacle plates, calcareous algae and small gastropods were also present 
(Hawkins et al. 1989). The diet of P. depressa while very similar to P. vulgata; had a much finer 
gut matrix and contained no large items (Hawkins et al. 1989). However, many other factors also 
influence the feeding activity of marine invertebrates including body size, reproductive cycle, the 
presence of feeding or digestive rhythms as well as environmental factors such as temperature, 
tidal level and exposure (Orton et al. 1956, Newell et al. 1971, Boyden and Zeldis 1979, Newell 
1979, Jenkins et al. 2001). In gastropod molluscs, radula activity has been used as an index of 
feeding intensity with increases in temperature being linked to increased rasping rates for Littorina 
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littorea (Newell et al. 1971) and the patellid limpet Cellana ornata (Boyden and Zeldis 1979). 
Although adult P. vulgata and P. depressa are able to tolerate temperatures ranging from <0°C to 
42°C (Evans 1948), there are likely to be physiological differences between the species enabling 
one species to graze more effectively than the other at different temperatures or during different 
stages of their reproductive cycle. In limpets for example, there Is evidence that In the later stages 
of gonad development feeding may be reduced or even cease as pressure is exerted on the 
surrounding tissue by the developing gonad (Orton et al. 1956). Jenkins et al. (2001) 
demonstrated that P. vulgata reduces its grazing activity in late summer/early autumn just prior to 
spawning followed by an increase in grazing directly after spawning. Following the peak spawning 
period grazing increased by about 25% based on estimates obtained using Jenkins et al. (2001). 
The reproductive cycle of P. vulgata and P. depressa has been well studied in Britain and 
Portugal (Orton et al. 1956, Orton and Southward 1961, Bowman and Lewis 1977,1986, Guerra 
and Gaudencio 1986). P. vulgata is an autumn/winter breeder in Britain although the time of peak 
spawning differs across a latitudinal gradient (Orton et al. 1956, Bowman and Lewis 1977,1986). 
In northern Scotland the main spawning period is August/September (Bowman and Lewis 1986), in 
southwest Britain it is November (Orton et al. 1956, Bowman and Lewis 1986) and in northern 
Portugal between November and January (Guerra and Gaudencio 1986). It is presumed that the 
latitudinal gradient in peak spawning activity is related to climatic variables, which result in 
populations releasing their gametes so that recruits settle on the shore during favourable conditions 
(Bowman and Lewis 1986). P. vulgata has a single reproductively active period, although there 
may be more than one spawning event (Bowman and Lewis 1986). 
P. depressa spawns from May to November with peak spawning occurring in July/August 
in southwest Britain (Ballantine 1961b, Orton and Southward 1961, Bowman and Lewis 1986). A 
latitudinal gradient in reproductive activity of P. depressa has been demonstrated with populations 
in northern Portugal spawning in late autumn and late spring followed by resting periods. In 
southern Portugal there is a long summer resting period followed by development and an extended 
period of reproductive activity over the winter months (Guerra and Gaudenclo 1986). It is thought 
that the long resting period during the summer months in southern Portugal is a response to the 
adverse temperatures experienced in southern Portugal during the summer. P. depressa may 
spawn a number of times with re-ripening of the gonads between spawning events (Bowman and 
Lewis 1986, Guerra and Gaudencio 1986), although re-ripening was not found to be common in 
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southwest Britain (Bowman and Lewis 1986, Roberts 2002). Although, redevelopment of gonads 
may not be common towards the northern range limits of P. depressa, this species has full gonads 
four months prior to P. vulgata (Ballantine 1961 b, Roberts 2002). With accelerating climatic 
warming it is likely that redevelopment of P. depressa gonads will become more common In 
southwest Britain. A drop in grazing activity as a result of gonad development has so far only been 
demonstrated in P. vulgata. If P. depressa shows a similar decline in grazing just prior to 
spawning, then these two species of limpet could have different effects on the chance of Fucus 
escapes because P. depressa grazing activity will decline at different times to P. vulgata. The 
reduction in grazing activity may occur more often if there is re-ripening of P. depressa gonads. 
Because the timing of reproduction is so different for these two species, the impact of grazing 
cycles on juvenile Fucus and other macroalagae is likely to vary depending on which species Is the 
numerically dominant grazer. Thus, any changes in the proportion of these species may have 
unanticipated secondary effects on the distribution of macroalgae and community composition as a 
whole in the rocky intertidal of the NE Atlantic. 
Studies of limpet grazing activity, using wax discs inserted Into the shore (Thompson et al. 
1997, Jenkins et al. 2001), have shown that there is a temporal pattern in grazing activity on NE 
Atlantic shores (Thompson et al. 2000, Jenkins and Hartnoll 2001). In Britain low levels of grazing 
occurred in late winter (January/February) and increased over the rest of the year to a summer 
peak (Thompson et at. 2000, Jenkins et al. 2001). In southern Portugal the grazing intensity of 
limpets increased through the summer to a peak in late autumn, followed by a gradual decline in 
grazing activity into early spring (Jenkins et al. 2001). In general there was higher grazing activity 
throughout the year with decreasing latitude, with mean monthly grazing of wax discs in the Isle of 
Man of 26% compared to 42% in southwest Britain and 66% in southern Portugal (Jenkins et at. 
2001). It has been suggested that an increase in grazing activity with decreasing latitude may be a 
function of the increasing abundance and diversity of grazers with decreasing latitude (Ballantine 
1961 a, Hawkins et al. 1992, Jenkins et al. 2001), rather than an increase in grazing activity related 
to temperature (Jenkins and Hartnoll 2001). Although these studies quantified the grazing 
behaviour of limpets and other grazers over broad temporal and spatial scales, no attempt has 
been made to separate the grazing activity of P. vulgata and P. depressa populations, and the role 
of each in preventing Fucus escapes is unknown. 
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The aim of this chapter was to separately quantify the grazing activity of P. depressa and 
P. vulgata. Differences in the two limpet species grazing activity were compared to each other over 
a twenty month period and also related to physical and biological parameters such as temperature 
and gonad cycle. Specifically I examined the hypotheses that there would be differences in the 
grazing activity of P. vulgata and P. depressa as a result of: 
1. Differences in their time of reproduction; 
2. Differences in their responses to temperature. 
Although I anticipated that there would be differences in the temporal pattern of grazing 
activity between the two limpet species I hypothesised that P. vulgata and P. depressa would both 
have a role in controlling the abundance of macroalgae on the shore. 
4.2 Materials and methods 
Temporal variation in the grazing activity of P. vulgata and P. depressa in relation to gonad 
cycle and temperature was compared from August 2003 to March 2005 at two locations: Kingsand 
(50° 33'N, 40 19W) and Andurn Point (50° 32'N, 4° 12'W), on the southwest coast of Britain (Fig 
4.1). Both locations are moderately exposed with areas of open and barnacle covered rock. Three 
treatments were established in circular enclosures (50cm diameter) at mid-shore height on free 
draining open rock, uncolonised by macroalgae: P. vulgata only, P. depressa only and both species 
present. Enclosures were approximately 5cm high and made of plastic coated garden mesh 
(13mm mesh size) fastened to the substratum with rawlplugs and stainless steel screws. Five 
replicates were randomly assigned to each treatment. 
In each enclosure an equal biomass of limpets (1.38g ± 0.09), was created using a 
predetermined empirical relationship between length and biomass of individual limpets for shores 
on which the experiment was run. There was no significant difference in the abundance of limpets 
in the three treatments enclosures at either Andurn Point or Kingsand (appendix 1). 
Limpet grazing activity was measured as the percentage area scraped on discs of dental 
wax embedded in pre-drilled holes on the shore. These discs become scratched by the limpets 
radula during foraging excursions providing an index of grazing intensity (Thompson et al. 1997). 
Eighteen holes were drilled in each enclosure with nine holes randomly selected for wax discs to 
be deployed for two weeks of every month, thereby ensuring independence with time (Thompson 
et al. 1997). Grazing intensity was calculated by examining wax discs in the laboratory using a 
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binocular microscope, following dusting With printer toner to highlight the grazing marks. Grazing 
activity on each disc was calculated for each array by placing a circular piece of acetate with 
twenty-five randomly placed holes onto the wax discs to calculate percentage area of wax grazed. 
Within each enclosure the length of all limpets were measured and double tagged with 
micronumbers attached to the shell with cyanoacrylate. Any missing limpets were replaced with 
individuals of the same size and species from outside the enclosures. 
The reproductive cycle of the two limpet species was described by collecting fifty 
individuals of each species (15 to 35mm size range), every two weeks from outside treatment 
enclosures at the two locations. Limpets were dissected in the laboratory and gonad development 
assessed according to the classification scheme of Orton et at. (1956). The proportion of limpets in 
advanced states of gonad development (stages 4 and 5 in Orton et al. 1956 classification scheme) 
was then calculated for both P. vulgata and P. depressa for each of the two locations. 
Temperature data loggers (Thermochron® Button DS1921G) were deployed on each of 
the two shores to take air and sea temperatures at fifteen minute intervals. Temperature readings 
were separated with the aid of tide timetables into emersed temperature readings, to provide air 
temperatures and immersed temperature readings, to provide seawater temperatures. Maximum 
and minimum monthly sea and air temperatures were calculated for each location. 
On each sampling occasion any individual macroalgal germlings present were counted for 
each enclosure. Following the growth of Fucus vesiculosus (hereafter Fucus) in some 
experimental enclosures the percentage cover of Fucus was calculated for each enclosure using 
the point intercept method. To compare the growth of Fucus within the experimental enclosures 
with the rest of the shore the percentage cover of Fucus was estimated at mid-shore height using 
twenty haphazard quadrats also using the point intercept method. 
At the completion of the experiment all limpets within the enclosures were removed and 
returned to the laboratory where they were measured to compare the growth rate among 
treatments. Limpets were dissected and the state of gonad development recorded to investigate 
differences between limpets that had been enclosed and those from outside enclosures. The 
limpet gonad index (Orton et al. 1956) was calculated as few limpets of either species had gonads 
in advanced states of development and therefore using proportion of limpets in advanced states of 
development was not applicable. 
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Differences in grazing activity between the three treatments were compared for each time 
period using Friedman's matched set test. The effect of limpet grazing intensity on the probability 
of Fucus escapes was compared using a two factor ANOVA with location (two levels) considered a 
random factor and treatment (three levels) considered fixed. Due to the Increased number of 
replicates (n=20) used to quantify the percentage cover of Fucus across the whole shore a student- 
t test was performed to compare shore Fucus cover with that found within P. depressa only 
treatments (n=5) at both locations. As a result of the growth of Fucus in some treatments the 
effects of Fudus presence on grazing intensity was analysed using a four factor nested ANOVA 
with location (two levels) and date (four levels) nested within presence of Fucus considered 
random factors and treatment (three levels) and presence of Fucus (two levels) considered fixed 
factors. For all ANOVAs heterogeneity of variance was tested using Cochran's test and where 
appropriate data were transformed. Student-Newman Keuls (SNK) post-hoc tests were carried out 
on significant data (p < 0.05). 
To compare the growth of limpets in the three treatments over the course of the 
experiment, Ford-Walford plots were created and regressions calculated for P. depressa only 
treatments, P. vulgata only treatments, P. depressa in both species treatments and P. vulgata in 
both species treatments. ANCOVA was used to compare the slopes of the regression lines to see 
if there were differences in the growth of the two species among the three treatments. 
To investigate the relationship between temperature and grazing activity and grazing 
activity and the proportion of limpets in advanced gonad states correlation analysis was performed. 
Pearson's correlation was used to investigate the relationship between grazing activity and 
temperature. Spearman's rank-order correlation was performed to investigate the relationship 
between the proportion of the limpet population with gonads in advanced states of development 
and grazing activity as the data did not meet the assumptions of Pearson's correlation analysis 
following transformation. To control for Type I error rates in multiple testing situations significance 
levels were corrected using the sequential Bonferroni procedure (Quinn and Keough 2002). 
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4.3 Results 
4.3.1 Grazing activity 
Kingsand " Andurn 
Point 
50km 
P. vulgata grazed more than P. depressa over the course of the experiment at both 
locations (Fig 4.2). Grazing activity was, however, greater at Kingsand in treatments with both 
species present and P. vulgata only treatments (Fig 4.2). Although there were differences in the 
area of wax disc scraped among treatments the pattern of grazing was consistent at Andurn Point 
for the duration of the experiment and was consistent at Kingsand until June 2004 (Fig 4.2). At 
Kingsand after June 2004 treatments with P. vulgata only and with both species present continued 
to follow the same pattern of grazing activity. In contrast, P. depressa only treatments did not show 
the same pattern and grazing remained generally low (< 20% of the area of wax disc scraped; Fig 
4.2). For all treatments, at both locations, the greatest amount of grazing occurred in late autumn 
and winter (Fig 4.2). 
At both Kingsand and Andurn Point grazing was significantly less in P. depressa only 
treatments than in P. vulgata only treatments (F 2,12 23.92, P<0.01; Table 4.1; Fig 4.3). Individuals 
in P. depressa only treatments grazed significantly less than the other two treatments (P. vulgata 
only and both species together) on 14 out of 20 sampling occasions at Kingsand. These 
differences were apparent from January 2004 to April 2004 and from June 2004 to February 2005. 
At Andurn Point grazing by limpets in P. vulgata only and both species present treatments was 
more than P. depressa over the course of the experiment, although this difference was only 
significant for 4 out of 20 sampling occasions. Individuals in P. depressa only treatments grazed 
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significantly less than those in the other two treatments from February 2004 to April 2004 and in 
March 2005. During December 2003 and 2004 and June 2004 grazing in P. depressa only 
treatments was less than in the other two treatments, but insignificant at the 0.05 level (P<0.07). 
During the course of the experiment there was no statistical difference between the amount of 
grazing that occurred in treatments with both species present and treatments containing P. vulgata 
only (F 2,12 23.92, P<0.01; Table 4.1; Fig 4.3). These results therefore show that P. depressa 
grazes less than P. vulgata over time and that this pattern was consistent between locations. 
Table 4.1 Analysis of variance of limpet grazing activity at Andurn Point and Kingsand, southwest Britain for 
three treatments: P. vulgata only, P. depressa only and both species present (Cochran's test C=0.0734, ns). 
Significant results are indicated > or <. The direction of non-significant trends are also shown -+ or t- to help 
illustrate overall patterns in the data. 
Source SS DF MS F P F versus 
Location (Lo) 5275.00 1 5275.00 14.72 <0.01 Lo x Da[Fu] 
Treatment jr) 23595.35 2 11797.67 0.00 NO TEST 
Fucus present/absent (Fu) 14901.88 1 14901.88 0.00 NO TEST 
Date [Fu] (Da[Fu]) 4323.77 6 720.63 2.01 0.21 Lo x Da[Fu] 
Lo x Tr 5984.01 2 2992.00 42.39 <0.01 Lo x Tr x Da[Fu] 
Lo x Fu 420.19 1 420.19 1.17 0.32 Lox Da[Fu] 
Lo x Da[Fu] 2149.83 6 358.30 2.77 <0.05 Residual 
Tr x Fu 8453.26 2 4226.63 0.00 NO TEST 
Tr x Da[Fu] 1894.11 12 157.84 2.24 0.09 Lox Tr x Da[Fu] 
Lo x Tr x Fu 3377.44 2 1688.72 23.92 <0.01 Lo X Tr x Da[Fu] 
Lo x Tr x Da[Fu] 847.07 12 70.59 0.55 0.88 Residual 
Residual 24828.64 192 129.32 
Total 96050.55 239 
SNK tests 
Treatment (Location x Fucus presence) 
Andurn Fucus absent P. vulgata > P. depressa 
P. vulgata -º Both- P. depressa 
Fucus present P. vulgata = Both > P. depressa 
Kingsand Fucus absent P. vulgata = Both > P. depressa 
Fucus present P. vulgata = Both > P. depressa 
Fucus (Location x Treatment) 
Andurn Both Fucus absent< Fucus present 
P. depressa Fucus absent< Fucus present 
P. vulgata Fucus absent< Fucus present 
Kingsand Both Fucus absent< Fucus present 
P. depressa Fucus absent> Fucus present 
P. vulgata Fucus absent< Fucus present 
Location (Treatment x Fucus presence) 
Both Fucus absent and present Andurn < Kingsand 
P. vulgata Fucus absent and present Andurn < Kingsand 
P. depressa Fucus absent Andurn -º Kingsand 
Fucus absent Andurn > Kingsand 
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4.3.2 Fucus growth 
By September 2003 juvenile Fucus was present in all of the P. depressa only treatments at 
both locations, with some treatments where both species were present also having juvenile Fucus 
within the enclosures (Fig 4.4a & c). The Fucus in these enclosures continued to grow throughout 
the remainder of the experiment in some of the enclosures at Kingsand covering up to 90% of the 
enclosures. Statistical analysis of differences amongst treatments in the percentage cover of 
Fucus revealed a significant location x treatment interaction (F 2,24 5.57, P<0.01; Table 4.2; Fig 
4.5). At both locations the percentage cover of Fucus in P. depressa only treatments was greater 
than the percentage cover of Fucus in either of the other two treatments. The percentage cover of 
Fucus in P. depressa only treatments was, however, significantly higher at Kingsand compared to 
Andurn Point. There was no difference between the percentage cover of Fucus in P. vulgata only 
treatments and treatments with both species present. The percentage cover of Fucus across the 
shore as a whole at Kingsand (mean 1.48% ± 0.54%) was considerably lower than the percentage 
cover of Fucus in the P. depressa only enclosures (mean 74% ± 5.10%; t= 27.76, P<0.01, df = 23; 
Fig 4.5). The same trend was also evident at Andurn Point (whole shore mean 4.87% ± 2.3%) 
compared to within P. depressa only enclosures (mean 14.4% ± 6.77%). However, this proved not 
to be statistically significant (t = 1.69, P=0.10, df = 23; Fig 4.5). 
The increase in the percentage cover of Fucus in P. depressa only treatments, particularly 
at Kingsand, may have had a large impact on the grazing behaviour of this species. While the 
percentage cover of algae was low the grazing behaviour of P. depressa at both locations although 
less than in the other two treatments did follow the same general temporal pattern of grazing 
intensity. Once the percentage cover of Fucus reached over 40% at Kingsand, grazing activity in 
these enclosures decreased and remained low for the remainder of the experiment (< 20% of wax 
disc area grazed; Fig 4.2). Statistical analysis of the effect of Fucus on the mean percentage area 
of wax disc scraped revealed a significant location x treatment x Fucus interaction (F 2,12 23.92, 
P<0.01; Table 4.1). At Kingsand, P. depressa only treatments grazed significantly less once Fucus 
cover in these treatments reached 40% (April 2004). In contrast, limpets in P. vulgata only 
treatments and treatments with both species present at both locations and P. depressa only 
treatments at Andurn Point grazed significantly more after April 2004. It would therefore appear 
that Fucus cover inhibits the grazing activity of P. depressa once it reaches a certain density. 
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Table 4.2 Analysis of variance of percentage Fucus cover for three treatments: P. vulgata only, P. depressa 
only and both species present, sixteen months after the initiation of the experiment. Variances were 
homogenous following fourth root transformation (Cochran's test C=0.4369, ns). 
Source SS DF MS FPF versus 
Location (Lo) 1.58 1 1.58 9.76 <0.01 Residual 
Treatment (Tr) 32.32 2 16.16 17.92 0.05 Lo x Tr 
Location x Treatment 1.80 2 0.90 5.57 <0.01 Residual 
Residual 3.88 24 0.16 
Total 39.59 29 
SNK tests 
Location x Treatment interaction Treatment x Location interaction 
P. vulgata Andurn = Kingsand Andurn P. depressa > P. vulgata = Both 
P. depressa Andurn < Kingsand Kingsand P. depressa > P. vulgata = Both 
Both Andurn = Kingsnad 
4.3.3 Reproductive cycles 
The time, length and proportion of limpets in advanced gonad states differed between 
species. P. vulgata was reproductively active from October to the beginning of January with a peak 
in spawning activity in November (Fig 4.6). During the spawning period the proportion of 
individuals with gonads in advanced states was low with less than 20% of the population being fully 
reproductively active during 2003/2004 and less than 10% during 2004/2005 (Fig 4.6). 
P. depressa had gonads in advanced states of development from the beginning of the 
experiment in August 2003 to the beginning of October 2003. This was followed by a resting 
period from November 2003 to the end of February'2004. P. depressa began to spawn again from 
the end of February to August in 2004. There were two distinct peaks in the proportion of the P. 
depressa population with gonads in advanced states one during April and a second in June 2004, 
then a third more reduced peak occurred at Andurn Point at the end of July 2004, suggesting that 
there were several spawning events followed by gonad re-ripening. At both locations over 80% of 
the population had gonads in advanced states of development at the beginning of September in 
2003 and between 60-80% of the population had gonads in advanced states of development during 
the April and June peaks in 2004. At Andurn Point a small proportion, less than 10% of the 
population, had gonads in advanced states of development from the beginning of February 2005 
(Fig 4.6). 
The state of gonad development between the single species enclosures and enclosures 
with both species present were similar. This was also the case when gonad development between 
limpets from enclosures and those randomly selected from outside enclosures were compared at 
the end of the experiment (Table 4.3). 
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Table 4.3 Gonad index of limpets from three treatments: P. depressa only, P. vulgata only and both species 
present as well as individuals collected randomly across the shore at the conclusion of the experiment in 
March 2005 from Kingsand and Andurn Point, southwest Britain. 
Single species Both species Outside 
treatments treatments enclosures 
Kingsand 
P. vulgata 1.25 n=68 1.21 n=42 1.06 n=49 
P. depressa 2.52 n=61 2.79 n=34 2.38 n=50 
Andurn Point 
P. vulgata 1.81 n=36 1.61 n=25 1.74 n=52 
P. depressa 2.30 n=54 2.96 n=23 2.40 n=54 
4.3.4 Limpet growth 
There was little relationship between growth increment and length with regressions for all 
the treatments having low r2 values and the regression lines for P. depressa only and P. vulgata 
from both species together treatments not being statistically significant (Fig 4.7). ANCOVA showed 
no significant differences between any of the regression lines (F 3,343 0.78, P=0.50). There were 
therefore no differences in the growth rate of either P. vulgata or P. depressa in the various 
treatments. 
4.3.5 Temperature, Grazing and Reproduction 
To investigate the effects of temperature on limpet grazing activity, grazing and 
temperature data were combined at the two locations for P. vulgata only treatments and treatments 
with both species present, due to the similarities in grazing intensity between locations. For P. 
depressa only treatments the two locations were kept separate due to large differences in grazing 
patterns. There were no significant correlations between any of the temperature parameters and 
grazing activity in P. vulgata only, P. depressa only and both species together treatments (Table 
4.4). 
The proportion of the population in advanced gonad states had a significant negative effect 
on grazing activity in P. depressa only treatments at Andurn Point (r$ = -0.44, P <0.05; Table 4.4). 
In contrast, P. depressa at Kingsand seemed to have a weak positive relationship between the 
proportion of the population with gonads in advanced states and grazing activity (Table 4.4). 
However, this may relate to this species low grazing activity from July to the completion of the 
experiment, which may be linked to the increased percentage cover of Fucus in the P. depressa 
only treatments (see page 56). At both locations, P. depressa scraped less area of wax discs 
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during April and June 2004, corresponding with peaks in this species spawning activity (Fig 4.2 & 
4.6). 
There was no significant correlation between the proportion of the population with 
advanced gonad states and grazing activity for P. vu/gata only treatments at either location (Table 
4.4). This lack of correlation between grazing activity and spawning may be a result of the small 
percentage of the P. vulgata population that were spawning at any one time. Therefore it is 
unlikely that grazing was reduced in P. vu/gata only treatments because developing gonads were 
exerting pressure on other organs. 
Table 4.4. Pearson's correlations between limpet grazing activity in three treatment enclosures: P. vulgata 
only, P. depressa only and both species present with temperature. To control for Type I error rates resulting 
from multiple tests, significance levels were corrected using the sequential Bonferroni procedure. Spearmans 
rank correlation was performed on the proportion of the limpet population in advanced states of gonad 
development and grazing activity. Data from the two locations have been combined for P. vulgata only and 
both species together treatments as patterns of grazing activity were similar. * P<0.05. 
Max Min Max Air Min Air Gonads 
sea temp sea temp 
P. vu! gata 
Grazing (n=32) -0.12 0.25 -0.27 0.14 0.04 (n=37) 
P-value 0.58 0.17 0.14 0.49 0.83 
P. depressa 
Andurn Grazing (n=15) 0.05 0.43 -0.13 0.32 -0.44 (n=20) 
P-value 0.92 0.12 0.67 0.26 0.05* 
Kingsand grazing (n=17) -0.12 -0.10 -0.28 -0.16 0.38 (n=17) 
P-value 0.69 0.74 0.29 0.56 0.14 
Both 
Grazing (n=32) -0.10 0.29 -0.28 0.16 
P-value 0.63 0.11 0.15 0.41 
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Fig 4.2. Mean percentage area of wax discs scraped for three treatments: P. vulgata only, P. depressa only 
and both species present for a) Kingsand and b) Andurn Point. Error bars ±1 SE. Arrow indicates the time 
when Fucus cover reached 40% in P. depressa only treatments at Kingsand. 
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Fig 4.3. Mean percentage area of wax disc scraped in three treatments: P. vu/gata only, P. depressa only and 
both species present at Andurn Point and Kingsand before Fucus cover reached 40% in P. depressa only 
enclosures at Kingsand and after Fucus cover reached 40% cover at Kingsand. Error bars ±1 SE. * P<0.05, 
** P<0.01, ns = not significant. 
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Fig 4.4. Fucus growth in three treatments: a) P. depressa only, b) P. vulgata only, c) both species present at 
Kingsand and Andurn Point. Pictures taken 15 months after initiation of experiment. Wax discs placed in pre- 
drilled holes to quantify limpet grazing activity are also visible in the treatment enclosures. 
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only (Pd), P. vulgate only (Pv) and both species present (Bo) for Kingsand and Andurn Point. Error bars t 
ISE. ** P<0.01, ns = not significant. 
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Fig 4.7. Ford-Walford plots of growth increment plotted against initial shell length for P. depressa and P. 
vulgata from three treatments: P. depressa only; P. vulgata only and both species present. P. vulgata from 
treatments with both species present (Both Pv); P. vulgata only treatments (Pv); P. depressa from 
treatments with both species present (Both Pd) and P. depressa only treatments (Pd). ANCOVA indicates 
no significant difference between the slopes of the regressions for each species-treatment plot (F 3,343 0.78; 
P>0.05). 
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4.4 Discussion 
4.4.1 Comparisons of the grazing activity of two limpet species with different 
biogeographic ranges 
Previous experiments have quantified the grazing intensity of limpets in Britain (Thompson 
et al. 2000, Jenkins et al. 2001) and across a broader European scale (Jenkins et al. 2001). These 
studies however, did not separate the relative importance of grazing activity on shores where there 
was more than one species present (e. g. southwest Britain Thompson et al. 2000, Jenkins et al. 
2001 and Spain Jenkins et al. 2001). My current work has separated the grazing of P. vulgata and 
P. depressa and shown that there were differences in their grazing activity. Although not always 
statistically significant, P. vulgata grazed more than P. depressa at both locations on all sampling 
occasions. This trend was particularly apparent during April 2004 and June 2004 when P. vulgata 
scraped significantly more than P. depressa, coinciding with peaks in the proportion of the P. 
depressa population with gonads in advanced states of development. 
Interestingly there was generally no difference in the percentage area of wax disc scraped 
in treatments with both species present and treatments of P. vulgata only at both locations and 
over the course of the experiment. This could indicate one of two things, either P. depressa grazed 
more in treatments where P. vulgata was also present or that P. vulgata in treatments where both 
species were present grazed a greater area of wax disc than in single species treatments and 
therefore compensated for P. depressa not grazing as much. Previous work has shown that food 
may be a limiting resource for grazers, particularly in the summer (Thompson et al. 2000). If P. 
vu/gata in treatments with both species present did increase their grazing intensity then it is likely 
that food may be a limiting resource not only in the summer, but throughout the year on shores in 
southwest Britain. Unfortunately the relative grazing intensity of the two species in treatments with 
both species present cannot be separated, therefore it is impossible to confirm this hypothesis from 
the data collected here. 
The grazing activity of limpets has been shown to follow a seasonal pattern with the lowest 
amount of grazing, in Britain, occurring in late winter (January and February), followed by a steady 
rise in grazing activity to a peak in early summer (Thompson et al. 2000, Jenkins et al. 2001). 
Although there were differences in the amount of grazing occurring between treatments, the pattern 
of grazing was very similar between treatments at both locations through the course of the 
experiment. The exception to this was in P. depressa only treatments at Kingsand from June 2004 
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to the end of the experiment, where grazing activity became consistently low, perhaps due to the 
effect of Fucus growth, which is discussed more fully below. In contrast to previous work the 
seasonal pattern of grazing activity in this work was lowest highest in late autumn, a pattern more 
similar to the grazing of limpets in Portugal than in southwest Britain (Jenkins et al. 2001). 
The temporal pattern of grazing shown by limpets in Britain has been shown to positively 
correlate with sea (Thompson et al. 2000, Jenkins et al. 2001) and air temperature (Thompson et 
al. 2000). However, Jenkins et al. (2001) found no significant relationship between limpet grazing 
activity and sea temperature in northern Spain. My results also showed no correlation between 
grazing activity and either sea or air temperature indicating that factors other than temperature had 
more of an influence on the grazing activity of limpets. 
4.4.2 Phenology and climate change 
Investigations into the breeding cycle of P. depressa in southwest Britain in the late 1940s 
and late 1950s revealed that the gonad of P. depressa began to fill in April and by the middle of 
May reached a gonad state at which spawning could occur (Ballantine 1961 b, Orton and 
Southward 1961). Spawning continued until July, with most of the population having 'spent' 
gonads by August/September (Ballantine 1961b, Orton and Southward 1961). More recent work, 
carried out in 1997 showed a similar pattern of gonad development by P. depressa (Roberts 2002). 
The proportion of limpets in advanced states of gonad development (ie able to spawn) increased 
from April to peak in June to August (Roberts 2002). In the present study P. depressa had gonads 
in advanced states of development from the end of February to September. Although sampling 
during winter and early spring in the 1940s was carried out sporadically, only a single individual 
was found with a gonad in an advanced state of development in February 1946 and none were 
found in March 1949 on the north coast of Cornwall in southwest Britain (Orton and Southward 
1961). On shores close to those used in the current work there were no P. depressa individuals in 
advanced states of gonad development until April 1997 (Roberts 2002). It would therefore appear 
that the period in which P. depressa is spawning has extended considerably compared to previous 
studies, with spawning occurring over a period of six months. 
P. depressa can experience gonad redevelopment resulting in multiple spawning peaks 
(Bowman and Lewis 1986, Guerra and Gaudencio 1986). Although gonad redevelopment is 
known to occur in populations from southwest Britain, it is thought to be rare (Bowman and Lewis 
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1986, Roberts 2002) and in recent work this phenomenon was not observed (Roberts 2002). In the 
present work there was evidence of gonad redevelopment and re-spawning during 2004, with two 
distinctive spawning peaks at Kingsand and three distinctive spawning peaks at Andurn Point. 
There was some evidence that redevelopment may also have occurred in 2003 due to a dramatic 
rise in the proportion of the population with gonads in advanced states of development in 
September compared to August. Although P. depressa continues to spawn during the summer 
months, lengthening of the reproductive season and the multiple redevelopment of gonads and re- 
spawning that occurred during 2003 and 2004 was more similar to the reproductive cycle of P. 
depressa further south in its range (Guerra and Gaudencio 1986). 
For P. vulgata the proportion of the population in advanced states of gonad development 
reached a peak during late November in both 2003 and 2004, with spawning continuing until the 
beginning of January. My results are similar to those obtained from previous studies on P. vulgata 
gonad cycles in southwest Britain (Orton et al. 1956, Ballantine 1961b, Bowman and Lewis 1986, 
Roberts 2002). The difference between my work and previous studies was the much lower 
percentage of the P. vu/gata population in advanced states of gonad development. In the current 
study less than 20% of the population in 2003/2004 and less than 10% of the population in 
2004/2005 reached gonad states where spawning could occur. In contrast studies carried out in 
the 1940s found between 80 and 100% of the population had gonads in advanced states of 
development on the north coast of Cornwall, southwest Britain (Orton et al. 1956). In northern 
Portugal the reproductive cycle of P. vu/gata was followed over three years in the 1980s. During 
this time P. vu/gata experienced two years where 100% of the population reached advanced states 
of gonad development and one year where only 40% of the population had gonads in advanced 
states of development (Guerra and Gaudencio 1986). It would therefore appear at the southern 
range limit of P. vulgata, where environmental conditions are harsher, P. vulgata occasionally 
experiences poor reproductive years. As a result of increased warming P. vulgata populations in 
southwest Britain may also be experiencing adverse environmental conditions which are affecting 
their reproductive success. 
Towards the south of its range P. vulgata becomes more restricted to sheltered shores and 
estuaries where environmental conditions are ameliorated (Ballantine 1961 a, Murias Dos Santos 
2000, Boaventura et al. 2002b, Hawkins, unpub). If climatic warming increases as predicted it is 
likely that P. vulgata will become more restricted to sheltered shores in southwest Britain. Recently 
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the reproductive output of P. vulgata has been shown to be greater on sheltered shores compared 
to exposed shores as a result of a greater abundance of larger individuals being found on sheltered 
shores (Le Quesne, pers. comm. ). Populations of P. vulgata that continue to survive on more 
exposed shores are likely to experience more reproductive failures, resulting in fragmentation of 
reproductively viable populations and a reliance on the recruitment of juveniles from sheltered 
populations. 
If, in response to increased climatic warming, the length of time that P. depressa is 
reproductively active increases with continued multiple spawning events and the number of years 
where P. vulgata experiences reproductive failure increases it is likely that the relative abundance 
of these two limpet species will alter faster than anticipated from adult physiological performance. 
4.4.3 Impacts of differences in limpet grazing activity for community structure 
In the British Isles there is a dynamic balance between the relative abundance of grazers 
and fucoid algae (Southward and Southward 1978, Hawkins and Hartnoll 1983, Hawkins et al. 
1992). Limpets and particularly P. vulgata have been shown to control the abundance of 
macroalgae on shores of the NE Atlantic through their grazing behaviour (Jones 1948, Burrows 
and Lodge 1950, Southward and Southward 1978, Hawkins and Hartnoll 1983, Hawkins et al. 
1992, Boaventura et al. 2002a, Jenkins et al. 2005). Due to similarities in the feeding mechanisms 
and diet of P. vulgata and P. depressa (Hawkins et al. 1989) it has been assumed that they have 
the same role in controlling macroalgal abundance on rocky shores of the NE Atlantic. This 
assumption is not consistent with the results from this work where Fucus vesiculosus germlings 
began to appear in September 2003 in P. depressa enclosures, but not in P. vulgata enclosures. It 
is thought that the reduction in grazing observed in P. depressa during the peak of its reproductive 
season in the spring and summer allowed juvenile Fucus settling at that time (Knight and Parke 
1950) to survive long enough to reach a size where they escaped limpet grazing. P. vulgata, which 
does not reproduce during the time of Fucus recruitment prevented the establishment and growth 
of Fucus juveniles in treatments where it was present either on its own or in combination with P. 
depressa. Thus, despite similar grazing preferences P. depressa appears to be far less effective 
than P. vulgata at controlling the abundance of macroalgae on shores in southwest Britain. 
The percentage cover of Fucus was significantly more in P. depressa only treatments at 
Kingsand (60-90% cover) compared to Andurn Point (maximum of 40% cover). Recent 
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manipulative experiments, which experimentally removed limpets to reduce grazing pressure, 
resulted in macroalgal growth on shores in southwest Britain (Jenkins et al. 2005). However, this 
response was weak and variable on the scale of patches within shores (1 Os to 100s of metres) and 
location (kilometres) compared to higher latitudes where Fucus developed quickly and dominated 
all limpet exclusion plots (Jenkins et al. 2005). This variability could be a result of differences in the 
supply of macroalgal propagules (Arrontes 2002), mortality of germlings in unfavourable 
microclimates (Brawley and Johnson 1991) or dislodgement of propagules by wave action (Vadas 
et at. 1990). Of these hypotheses Jenkins et at. (2005) proposed that the variability in macroalgal 
growth between locations was probably a result of differences in the supply of propagules, as 
dense adult Fucus stands are often rare on shores in southwest Britain compared to shores on the 
Isle of Man. The two locations in the present study had little Fucus cover outside of P. depressa 
only enclosures with less than 2% at Kingsand and less than 5% cover at Andurn Point, suggesting 
that the supply of algal propagules to the two locations would be variable and reliant on supply from 
other locations. 
The reduction in grazing activity in P. depressa only treatments at Kingsand coincided with 
the percentage cover of Fucus in treatment enclosures reaching over 40%. Fucus in this treatment 
continued to grow resulting in canopy cover of between 60 - 90% by March 2005, with grazing 
remaining low (< 20% of wax disc area scraped) for the remainder of the experiment. This 
reduction in grazing activity for over 8 months of the experiment probably explains why smaller P. 
depressa individuals grew less than individuals from other treatments. It has been suggested that 
P. depressa does not prosper beneath Fucus (Hawkins and Southward 1992) and these results 
would appear to support that hypothesis. Although the proximate reason for why P. depressa does 
not prosper beneath Fucus cannot be explained, this data provides further evidence that P. 
depressa does not prosper beneath Fucus patches, resulting in this species preferentially creating 
home scars on open rock. 
On coasts of western Europe there is a latitudinal trend in the balance between fucoid 
algae and limpet/barnacle dominated shores (Ballantine 1961a). Fucoids are more abundant at 
northern latitudes, but are replaced by an increased abundance and diversity of grazers at more 
southerly latitudes (Ballantine 1961 a). This switch from fucoid dominated shores to grazer and 
barnacle dominated shores has been suggested to be a result of changes in the effectiveness of 
grazers and the ability of fucoids to grow with decreasing latitude (Ballantine 1961 a, Hawkins and 
70 
Chapter Four 
Hartnoll 1983, Hawkins et al. 1992). Fucoid algae become Increasingly restricted to sheltered and 
estuarine shores from northern Spain, yet P. depressa is the dominant limpet grazer on northern 
Spanish shores where the only other limpet species is P. vulgata (Jenkins et al. 2001). It would 
therefore appear that fucoid algae may become restricted to sheltered and estuarine environments 
either purely because of environmental conditions; or because P. depressa is a more effective 
grazer further south in its range than in southwest Britain. However, there Is an increase in the 
number of other grazers, including topshells, crabs and fish, present on Spanish shores. 
Therefore, at more southern latitudes individual grazers may not be as effective as grazer species 
at higher latitudes, but the increase in the diversity and abundance of grazers may be able to 
control macroalgal abundance. To distinguish between these hypotheses further manipulations of 
grazer diversity and abundance would have to undertaken across a broader latitudinal area. 
In conclusion this chapter has shown that P. depressa grazes less than P. vulgata over 
time at different shores in southwest Britain. This resulted in Fucus settling and growing in P. 
depressa treatments, which had a negative effect on the growth of juvenile P. depressa. These 
results indicate that P. depressa has less of a role in controlling the abundance of macroalgae on 
shores in southwest Britain than P. vulgata. If, as predicted, the relative abundance of P. vulgata 
and P. depressa alters in response to increased climatic warming the role of limpets in controlling 
macroalgal abundance is likely to alter. 
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Chapter Five 
Intra- and interspecific interactions during settlement and recruitment In a 
northern and southern species of barnacle 
5.1 Introduction 
The study of plant and animal communities on rocky shores has been invaluable in 
understanding the interplay between physical factors and biotic interactions in structuring natural 
assemblages (Connell 1961a, Dayton 1971, Connell 1972). Barnacles have proved a particularly 
tractable model for such studies, including pioneering experimental work on intra and interspecific 
competition (Connell 1961 b, a). On the shores of southwest Britain the effects of physical factors, 
especially temperature, on the interactions between and the relative abundance of species of 
barnacles has been studied for nearly seventy years (Moore and Kitching 1939, Southward and 
Crisp 1954, Southward and Orton 1954, Southward and Crisp 1956, Southward 1967,1991, 
Southward et al. 1995). The main space-occupying barnacles on shores of southwest Britain are 
Semibalanus balanoides, formally Ba/anus balanoides, a northern/boreal species with a distribution 
from the Arctic Circle to the Iberian Peninsula (Fischer-Piette and Prenant 1956,1957, Barnes 
1958) and Chthamalus montagui and Chthamalus stellatus, two south ern/Iusiantian species, with a 
biogeographic range from the Shetland Isles, Scotland to northern Africa (Southward 1967, Crisp et 
al. 1981, Kendall et al. 1985, Lewis 1986, Southward et al. 1995). C. montagui and C. stellatus 
were formerly considered one species Chthamalus stellatus (Southward 1976). On some shores 
these three species are joined, albeit in smaller numbers by the introduced Australasian barnacle 
Elminus modestus, although this species is predominantly limited to more sheltered and estuarine 
conditions (Crisp 1958, Southward 1991). 
Semibalanus balanoides (hereafter referred to as Semibalanus) and Chthamalus spp. 
(hereafter referred to as Chthamalus) have both been shown to respond to changes in the climate 
with shifts in their relative abundance (Southward and Crisp 1956, Southward 1967,1991, 
Southward et al. 1995). The relative abundance of Chthamalus and Semibalanus in southwest 
Britain were first examined at a selection of sites in 1934 (Moore 1936). Repeat surveys of these 
sites, undertaken in the 1950s, showed that there had been a significant increase in both the 
abundance and distribution of Chthamalus with a corresponding decrease in the abundance of 
Semibalanus (Southward and Crisp 1954, Southward and Crisp 1956). This switch in relative 
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abundance was also evident in Scotland near the northern range limit of Chthamalus (Southward 
and Crisp 1956), and indicated that the change in the relative abundance of the two taxa was 
broad-scale. The increase in relative abundance of Chthamalus and the associated decline of 
Semibalanus was attributed to a warming of 0.25°C during the 1950s compared to the 1930s 
(Southward 1960). It was hypothesised that the switch in the relative abundance of these two taxa 
was broadly related to changes in climatic conditions (Southward and Crisp 1956). 
Further work has shown that the relative abundance of these species has continued to 
fluctuate with fluctuations in air and sea surface temperature. For example Chthamalus increased 
in abundance during the 1950s, a climatically warm period, while Semibalanus increased in 
abundance during the cool period of the 1960s and 70s (Southward and Crisp 1954, Southward 
and Crisp 1956, Southward 1967,1991). Since the mid 1980s Chthamalus has increased in 
abundance with a corresponding decrease in Semibalanus (Southward 1991). The fluctuations in 
the relative abundance of these two barnacle taxa have been shown to follow oscillations in sea 
and air temperatures with a two-year phase lag (Southward 1967), with sea temperature 
accounting for 40% of the variation (Southward 1991). The two-year lag in the response of the two 
barnacle taxa has been attributed to the time it takes for individuals to reach maturity (Southward 
1991, Southward et al. 1995). Therefore, temperature may only be operating on the maturation 
and reproduction of individuals that produce the settling larvae rather than on the larvae 
themselves or on later juvenile stages (Southward 1967). Initially the fluctuations in the relative 
abundance of the two barnacle taxa appeared to correlate to changes in the 10 to 11 year sun spot 
cycle (Southward 1991) reflecting the flux of solar energy to the earth, resulting in warmer and 
cooler climatic periods. However, it has now been shown that switches in the relative abundance 
of the two taxa have deviated from the sun spot cycle and show considerable year-to-year 
variation, combined with an overall upward trend in the relative abundance of Chthamalus 
(Southward 1991, Southward et al. 1995). Southward et al. (1995) suggested that the switches in 
the relative abundance of these barnacle species no longer correlated with the sunspot cycle 
because anthropogenic climate change was having a greater effect on their population dynamics. 
The current view is that a dynamic equilibrium exists between the two taxa with both 
temperature and other environmental factors influencing their relative abundances. These factors 
act to alter the strength of competitive interactions of each taxa, primarily for space (Southward 
1967,1991, Southward et al. 1995). Semibalanus is generally thought to be the dominant 
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competitor over Chthamalus (Connell 1961 b). The rapid growth rate of Semibalanus juveniles 
results in them undercutting and overgrowing Chthamalus Individuals (Connell 1961b, Wethey 
1983, Wethey 1984b), with Chthamalus individuals up to two years old being smothered by settling 
Semibalanus cyprids and spat (Connell 1961b). Hence, on Semibalanus dominated shores 
Chthamalus is restricted to high shore levels where Semibabalus suffers desiccation-related 
mortality (Connell 1961b, Wethey 1983, Wethey 1984b). However, these studies were undertaken 
at the northern range limit for Chthamalus where it suffers much higher physical stress. In 
particular the work by Connell (1961b) was carried out on shores with exceptionally high levels of 
Semibalanus recruitment, as a result of high larval retention, compared to most shores in the 
British Isles (Hawkins and Hartnoll 1982, Hansson et al. 2003), therefore competition for space 
would be expected to be particularly strong. On shores of southwest Britain, where Semibalanus is 
near its southern range limit, this species is still generally thought to be the dominant competitor 
during cooler climatic conditions out competing Chthamalus, and restricting this species to the high 
shore (Southward 1967). During warmer climatic conditions, however, Chthamalus dominates the 
intertidal, presumably by occupying free space which has become available as a result of the 
reduction in the number of settlers and survivors of Semibalanus (Southward and Crisp 1956, 
Southward 1967,1991, Southward et al. 1995). Interspecific competition is therefore reduced 
because the abundance of Semibalanus is so low. Unpublished analysis of the southwest barnacle 
data set has indicated that the negative correlation of Semibalanus to temperature is due to 
sensitivity of settling early stages to high spring temperatures (Hawkins, Southward, Burrows & 
Leaper, unpub). The positive relationship between temperature and Chthamalus is probably an 
indirect effect, primarily a result of release from competition from the competitively superior 
Semibalanus. Thus space can be occupied, possibly assisted by greater numbers of more 
successful broods of Chthamalus in warmer years (Burrows et al. 1992, O'Riordan et al. 2001). 
As early as 1954 Semibalanus and Chthamalus were proposed as indicator organisms to 
investigate species responses to changes in the general environment as both taxa were likely to be 
sensitive to even small changes in-temperature (Southward and Crisp 1954). As anthropogenic 
warming of the climate accelerates, monitoring fluctuations in the abundance of these two taxa has 
been proposed as a cost-effective index of changes in other shallow water marine biota 
(Southward et al. 1995). With increased warming it is likely that the abundance of Semibalanus will 
decline either as a result of temperature related mortality or as a result of a reduction in the number 
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of larvae being able to settle due to a reduced adult population following an increase In the number 
years where Semibalanus settlement 'fails' (Svensson et al. 2005). At very low densities Allee 
effects will make this situation worse (Kent et al. 2003). In contrast, the abundance of Chthamalus 
is expected to increase as a result of reduced competition with Semibabalnus allowing more 
individuals to survive to reproduce. Increased temperature will also enable Chthamalus to produce 
more broods of larvae. 
In addition to responding to changing climatic conditions in contrasting ways the timing of 
reproduction and recruitment of juveniles differs in these these two taxa. Semibalanus reproduces 
once a year with the cyprids settling on southwest shores from early March to mid April through to 
the end of May with peak settlement at the mid to the end of April (Southward 1976, Jenkins et al. 
2000). In contrast, Chthamalus cyprids settle from July to September (Southward 1976, Burrows 
1988). The earlier settlement by Semibalanus is likely to pre-empt space for Chthamalus settlers 
later in the year (Southward et al. 1995). 
The aims of this chapter were to experimentally simulate climatically driven fluctuations in 
the population structure of these taxa to inform predictions on the likely outcomes of warming in 
southwest Britain. Firstly I examined the effects of Semibalanus adult abundance on the 
settlement success of Semibalanus cyprids and spat (section 5.1.1). Secondly I investigated the 
effects of good and poor recruitment of Semibalanus on the settlement success of Chthamalus 
cyprids and spat to test the idea that interspecific competition between these taxa is a limiting 
factor for Chthamalus recruitment and survival on shores in Britain (section 5.1.2). 
5.1.1 The effect of adult abundance of Semibalanus balanoides, on the recruitment 
success of its gregarious settling young 
Barnacle cyprids are known to explore their potential settlement surface for a period of time 
prior to settling, if the site is unsuitable they are able to detach themselves from the substrate and 
explore further for a more suitable site (Knight-Jones 1953, Le Tourneux and Bourget 1988). 
Cyprid settlement behaviour may be influenced by both physical and biological cues such as 
available space (Jeffery 2000), shore microtopography (Crisp and Barnes 1954, Wethey 1984a, 
Yule and Walker 1984, Wethey 1986, Anderson and Underwood 1994), microbial films (Le 
Tourneux and Bourget 1988, Keough and Raimondi 1995, Thompson et al. 1998), the presence of 
adult or juvenile con-specifics (Knight-Jones 1953, Barnett and Crisp 1979, Miron et al. 1996, 
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Thompson et al. 1998) or cues from con-specifics (Knight-Jones 1953, Crisp 1961, Crisp and 
Meadows 1963, Larman and Gabbott 1975, Rittschof et al. 1984, Yule and Walker 1984, Hills et al. 
1998). 
Recent work has shown that where adult barnacle abundance is relatively low and juvenile 
settlers are gregarious, relying on cues from con-specifics, there may be a reduction in the 
recruitment of juvenile barnacles (Jeffery 2000). As a consequence of this behaviour, low adult 
numbers can have important implications for both the population structure and dynamics of the 
species involved (Kent et al. 2003). Semibalanus cyprids are known to settle gregariously with 
con-specifics (Knight-Jones 1953, Barnett and Crisp 1979, Thompson et al. 1998). Therefore 
during climatically warm periods when the relative abundance of Semibalanus would be expected 
to decrease (Southward and Crisp 1956, Southward 1967,1991, Southward et al. 1995), the 
chance of good settlement occurring in subsequent years may be effected, irrespective of the 
numbers of cyprids present in the plankton. 
I investigated the intraspecfic' interaction between Semibalanus adults and cyprids to 
monitor how changes in the abundance of adult Semibalanus individuals affect the recruitment 
success of juvenile Semibalanus. Using settlement plates, adult Semibalanus were manipulated to 
simulate warm (bad recruitment) and cool (good recruitment) periods. I hypothesised that high 
numbers of adult Semibalanus would encourage higher recruitment of Semibalanus juveniles 
compared to settlement plates with low numbers of adult Semibalanus. The presence of barnacle 
cues have been shown to encourage barnacle settlement success (Knight-Jones 1953, Crisp 1961, 
Crisp and Meadows 1963, Larman and Gabbott 1975, Rittschof et al. 1984, Yule and Walker 1984, 
Hills et al. 1998), therefore to maximise treatment effects and to investigate if settlement factor did 
enhance Semibalanus recruitment, extracts of Semibalanus (barnacle settlement factor) were 
added to half the settlement plates. 
5.1.2 The effects of poor 0+ Semibalanus recruitment on the subsequent recruitment 
success of Chthamalus spat 
The earlier settlement of Semibalanus could be expected to pre-empt space required by 
the later settling Chthamalus (Moore 1936, Moore and Kitching 1939), especially during years with 
favourable conditions for Semibalanus settlement and recruitment. Assuming the dynamic 
equilibrium hypothesis proposed by Southward and co-workers, which suggested that a decrease 
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in the relative abundance of one species may be needed before the relative abundance of the other 
species could increase (Southward 1967,1991, Southward et al. 1995), the abundance of 
Semibalanus would have to decrease before the abundance of Chthamalus could increase. This 
pattern was evident during the cool period in the 1960s when a drop in the relative abundance of 
Chthamalus was observed with a corresponding increase in the relative abundance of 
Semibalanus the following spring (Southward 1967). Chthamalus should be able to increase in 
abundance when above average temperatures in the summer and autumn, encourage high 
Chthamalus recruitment (Southward and Crisp 1956, Kendall et al. 1985), increase Semibalanus 
juvenile mortality and sometimes kill adult Semiba/anus on the upper shore, creating increased 
space for Chthamalus recruits (Connell 1961 b, Foster 1971, Kendall et al. 1985). With repeated 
poor settlement and/or'survival of Semibalanus, Chthamalus should become established at lower 
shore levels where it is unaffected by interspecific competition due to the reduced abundance of 
Semibalanus (Kendall et al. 1985). 
I experimentally manipulated the abundance of Semibalanus 0+ recruits to simulate 
conditions representing good and poor Semibalanus settlement years and monitored the 
consequence for recruitment success of Chthamalus. I hypothesised that freeing up space through 
manipulating Semibalanus 0+ numbers to represent poor settlement years should result in 
increased recruitment of Chthamaius. In treatments where densities were manipulated to 
represent good Semibalanus settlement years there should be reduced recruitment of Chthamalus. 
5.2 Materials and Methods 
5.2.1 The effect of adult abundance of Semibalanus balanoides, on the recruitment 
success of its gregarious settling young 
To assess the role of different densities of con-specifics on the settlement success of 
Semibalanus, perspex settlement plates (10 x1 0cm) were covered with clear marine anti-slip tape 
(Heskins, Chorley, UK), which acted as a rough surface to encourage cyprid settlement and were 
then placed in seawater tanks for a period of 14days to allow a biofilm to grow. 
Individual Semibalanus were carefully removed with a scalpel from rocks collected at St 
Ives, North Cornwall (5011 22'N 50 47'W) and attached to the settlement plates by glueing the outer 
edge of the rostrum to the rock with small spots of cyanoacrylate (Thompson et al. 1998). 
Barnacles were attached randomly in the central 5cm x 5cm of the settlement plates to reduce 
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edge effects. Settlement plates were then placed into seawater tanks for 24 hours to check 
survival during transplantation (ie barnacles were observed to be feeding normally). In the low 
density treatments any individuals that had not survived the transplantation were replaced. High 
density treatments were only used if 80% of individuals had survived transplantation; if less than 
80% of individuals survived, dead barnacles were replaced. 
Seven treatments were subsequently created to formally test the hypothesis that increased density 
of adult con-specifics would result in increased recruitment of Semibalanus spat: 
1. Plate control - Perspex plate with anti-slip tape 
2. Barnacle settlement factor - following the methods of Rittschof et al (1984), except the 
supernatant was made up just before deployment and not frozen (Hills et al. 1998; 
appendix 2). 
3. Low density adult con-specifics -1 cm'2 
4. High density adult con-specifics - approximately 5 cm"2 
5. Low density adult con-specifics (1 cm-2) with barnacle settlement factor 
6. High density adult con-specifics (approx 5 cm'2) with barnacle settlement factor 
7. Control - natural rock 
Five replicates of each treatment were randomly interspersed at four locations during late 
April and early May 2003. Due to natural differences and fluctuations in the recruitment of 
barnacles two locations were used on the north coast of Cornwall, Trevone (500 55'N, 4° 93'W) and 
Newquay (50° 42'N, 50 10'W) and two were used on the south coast of Devon and Cornwall, Looe 
(500 35'N, 40 45'W) and Cellar Beach (50° 31'N 40 06'W; Fig. 5.1) to reduce the chance of no 
settlement occurring during the course of the study. Shores on the north coast of Cornwall are 
known to experience high recruitment of Semibalanus, whereas on the south coast it is usually 
lower (Hawkins, unpub observations). Plates were attached at mid-shore height to smooth 
surfaces on north or east facing rocks by screwing the plates with stainless steel screws into 
rawlplugs. Rock control treatments were marked by screws in rawlplugs. Due to the large distance 
between locations it was impractical to visit locations every day to establish total settlement. 
Therefore digital images (2272x1704 pixels) were taken of each treatment at the end of May when 
Semibalanus settlement had ceased enabling total recruitment to be quantified. The number of 
recruits were counted on enlarged digital images on a computer screen. 
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Cellar Beach was not included in formal statistical analysis as Semibalanus settlement was 
very low (0.1 cm2) at this site in 2003 (Moore, pers ob; Hawkins, pers ob), as well as on other 
shores in the Plymouth area (Hawkins, pers ob). Due to the unequal loss of settlement plates at 
the remaining locations each location was analysed separately using a two factor ANOVA with 
barnacle density (three levels: high, low, no adult conspecifics) and barnacle settlement factor (two 
levels: present or absent) both considered fixed. Heterogeneity of variance was tested using 
Cochran's test and where appropriate data were natural log (x + 1) transformed. Student-Newman 
Keuls (SNK) post-hoc tests were carried out on significant data (p < 0.05). 
5.2.2 The effects of poor 0+ Semibalanus recruitment on the subsequent recruitment 
success of Chthamalus spat 
Areas of natural rock substrate (5cm x 5cm) were located with 80% barnacle cover and 
with '0' class Semibalanus cover of between 4-5 cm2 at mid-shore height, where interspecific 
competition is greatest between the two barnacle taxa, using a random stratified sampling 
methodology. Areas meeting these requirements were marked with stainless screws in rawlplugs 
at the corners of the plots. Four treatments, each replicated five times, were randomly allocated to 
areas representing conditions of poor Semibalanus recruitment (1 cm'2), good Semibalanus 
recruitment (5 cm-2), cleared areas to observe the level of recruitment in the absence of other 
barnacles and control areas (unmanipulated) were prepared at two locations on the north coast of 
Cornwall, Trevone and Crackington Haven (500 68'N, 4° 70'W) and at two locations on the south 
coast of Devon and Cornwall, Looe and Cellar Beach (Fig. 5.1). 
The high and low density treatments were created by removing '0' class individual 
Semibalanus from the rock surface with a scalpel between the 10th -16th July 2003 prior to 
Chthamalus settlement in late July and August. It was impractical to visit locations every day to 
establish total settlement therefore digital images (2272x1704 pixels) were taken of each treatment 
at the beginning of the settlement season and repeated after settlement had finished in the middle 
of September enabling total recruitment to be quantified. Chthamalus settlers were counted on 
enlarged images on a computer screen. 
Due to a dense growth of the blue-green algae, Rivularia, obscuring the barnacles in all 
treatments at Trevone, this location was not included in the analysis. Due to the removal of the 
screws (vandalism) marking some treatments at Crackington Haven resulting in these treatments 
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not being relocated, data for Crackington Haven were analysed separately using a single factor 
ANOVA with treatment (four levels) considered fixed. Data for Looe and Cellar Beach were 
compared using a two factor ANOVA with the factor location (two levels) considered random and 
the factor treatment (four levels) considered fixed. Heterogeneity of variance was tested using 
Cochran's test and where appropriate data were transformed. Student-Newman Keuls (SNK) post- 
hoc tests were carried out on significant data (p < 0.05). 
rF' N 
Crackington 
Haven 
Trevone 
Newquay " 
Looe " Cellar Beach 
50km 
Fig 5.1 Location of barnacle study sites in southwest Britain 
5.3 Results 
5.3.1 The effect of adult abundance of Semibalanus balanoides, on the recruitment 
success of its gregarious settling young 
It was apparent at all three locations, Newquay, Trevone and Looe, that there was 
considerably higher recruitment of Semibalanus spat onto natural rock substrate compared to 
settlement plates, with between six to nine times more Semibalanus recruiting to the natural 
substrate. Therefore formal statistical analysis was restricted to the experimental plates and 
caution must be taken extrapolating results to natural conditions. 
At all locations higher recruitment of juvenile Semibalanus occurred on settlement plates 
with high densities (5 cm"Z) of adult con-specifics (Fig 5.2). The lowest recruitment of Semibalanus 
juveniles occurred on settlement plates where there were no adult con-specifics present. Although 
all locations showed a similar trend in the effects of adult con-specifics on juvenile recruitment 
success, statistical analysis revealed differences in the magnitude of this trend. There were also 
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differences between locations in the effect of barnacle settlement factor on the number of 
Semibalanus spat to recruit to settlement plates. At both Trevone and Looe there was no effect of 
barnacle settlement factor. In contrast, at Newquay there were differences in the recruitment 
success of Semibalnus spat on settlement plates with barnacle settlement factor and those without. 
At Trevone there was a significant effect of barnacle density (F 2,18 18.79, P<0.01; Table 
5.1a; Fig 5.2a). Significantly more Semibalanus spat recruited to settlement plates with high 
densities (5 cm"2) of adult barnacles compared to plates with low densities (1 cm'2) of adult 
barnacles compared to plates with no adult conspecifics (Table 5.1 a; Fig 5.2a). 
The settlement of Semibalanus spat at Looe followed the same trend as at Trevone, with 
high adult barnacle treatments having greater settlement of juveniles than low density treatments. 
These in turn both had greater settlement than treatments without con-specific adults. This proved, 
however, not to be significant (F 2,18 2.16, P>0.14; Table 5.1b; Fig 5.2b). 
At Newquay there was increased recruitment to plates with high densities of adult 
barnacles compared to the low density and plates with no adult con-specifics. There was, 
however, a significant barnacle density x settlement factor interaction (F 2,12 5.48, P<0.05; Table 
5.1 c; Fig 5.2c). Post-hoc tests indicated there were no significant differences in the number of 
Semibalanus spat to recruit to high density and low density treatments without settlement factor, 
although high density treatments experienced higher recruitment than low density treatments 
(Table 5.1c; Fig 5.2c). Both high and low density treatments had significantly greater recruitment 
than treatments with no adult con-specifics. Significantly more recruitment of Semibalanus 
juveniles occurred on plates with high densities of adult con-specifics compared to low density and 
no adult con-specifics in treatments with barnacle settlement factor (Table 5.1 c; Fig 5.2c). 
Although higher recruitment occurred in the low density treatments compared to treatments with no 
adult con-specifics, this proved not to significant (Table 5.1c; Fig 5.2c). 
Although not always statistically significant it would appear that a higher abundance of 
adult conspecifics resulted in greater recruitment of Semibalanus spat compared to low density 
treatments and treatments with no conspecifics (Table 5.1; Fig 5.2). The presence of barnacle 
settlement factor had no effect, or in the case of two treatments at Newquay a negative effect on 
Semibalanus recruitment (Table 5.1; Fig 5.2). 
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Table 5.1. Analysis of variance of the number of Semibalanus to recruit to settlement plates (with barnacle 
settlement factor and without barnacle settlement factor) for three densities of attached adult con-specifics; 
high density (5cm'2), low density (1 cm2) and no adult conspecifics for a) Trevone (Cochran's test C=0.361, ns) 
b) Looe (Cochran's test C= 0.372, ns) and c) Newquay (Cochran's test C= 0.556, ns). Variances were 
homogenous for all locations following Ln (x + 1) transformation. -+ = direction of non-significant trend. 
a) Trevone 
Source SS DF MS F p F versus 
Barnacle density (BD) 3.63 2 1.81 18.79 <0.01 Residual 
Settlement factor (SF) 0.00 1 0.00 0.00 0.93 Residual 
BD x SF 0.02 2 0.01 0.12 0.89 Residual 
Residual 1.74 18 0.10 
Total 5.37 23 
SNK tests 
High density > low densit y> no adult con-s pecifics 
b) Looe 
Source SS DF MS F P F versus 
Barnacle density (BD) 1.13 2 0.57 2.16 0.14 Residual 
Settlement factor (SF) 0.04 1 0.04 0.17 0.69 Residual 
BD x SF 0.67 2 0.33 1.28 0.30 Residual 
Residual . 4.73 18 0.26 Total 6.57 23 
Treatment trends 
High density - low density -º no adult consp ecifics 
c) Newquay 
Source SS DF MS F P F versus 
Barnacle density (BD) 4.44 2 2.22 39.79 <0.01 Residual 
Settlement factor (SF) 0.54 1 0.54 9.67 <0.01 Residual 
BD x SF 0.61 2 0.31 5.48 <0.05 Residual 
Residual 0.67 12 0.06 
Total 6.26 17 
SNK tests 
Barnacle density x settlement factor Settlement factor x ba rnacle density 
No SF High -º Low > no adult con-specifics High No SF -º SF 
SF High > Low -º no adult conspecific Low No SF > SF 
No adult conspecifics No SF - SF 
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Fig 5.2. The abundance of Semibalanus to recruit to settlement plates (with barnacle settlement factor and 
without barnacle settlement factor) for three densities of adult con-specifics attached: high density (5cm 
Z), low 
density (1 cm 2) and no adult conspecifcs for a) Trevone: results were consistent for treatments with barnacle 
settlement factor and those without, therefore data has been combined b) Looe: results were consistent for 
treatments with barnacle settlement factor and those without, therefore data has been combined c) Newquay. 
Error bars i ISE. ** P<0.01, ns = not significant. 
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5.3.2 The effects of poor 0+ Semibalanus recruitment on the subsequent recruitment 
success of Chthamalus spat 
At both Cellar Beach and Looe there was a significant location x treatment Interaction (F 
3,32 7.31, P<0.01; Table 5.2a; Fig 5.3a) with SNK tests indicating that recruitment of Chthamalus 
spat showed a similar trend at both locations, although overall settlement was greater in treatments 
cleared of all barnacles at Looe (Table 5.2a). There was no difference between locations in the 
abundance of Chthamalus spat to recruit to high density (5 cm'2), low density (1 cm'2) and control 
treatments (Table 5.2a). At both locations there was significantly higher settlement in the cleared 
plots compared to the high Semibalanus 0+ density, low Semibalanus 0+ density and control 
treatments (Table 5.2a; Fig 5.3a). Although not statistically significant on average more 
Chthamalus spat recruited to plots where the density of Semibalanus 0+ individuals had been 
manipulated to represent a poor Semibalanus recruitment years compared to plots which 
represented good recruitment years for Semibalanus 0+ individuals (Fig 5.3a). At Crackington 
Haven there was no significant difference between any of the four treatments (F 3,12 0.06, P=0.98; 
Table 5.2b; Fig 5.3b). 
Table 5.2. Analysis of variance for the number of Chthamalus to recruit to four treatments; cleared rock, 
control, high density 0+ Semibalanus (approx 5cm 2), low density 0+ Semibalanus (1cm 2) for a) Cellar Beach 
and Looe. Variances were homogenous following square root (x + 1) transformation (Cochran's test C= 
0.3545, ns) and b) Crackington Haven (Cochran's test C= 0.5029, ns). 
a) Cellar Beach and Looe 
Source SS DF MS FPF versus 
Location (Lo) 83.73 1 83.73 16.84 <0.01 Residual 
Treatment (Tr) 1327.10 3 439.03 12.08 0.04 Lo x Tr 
Location x Treatment 109.08 3 36.36 7.31 <0.01 Residual 
Residual 159.07 32 4.97 
Total 1668.98 39 
SNK tests 
Location x Treatment Treatment x Location 
Cleared rock Looe > Cellar Beach Looe Cleared rock > all other treatments 
Control Looe = Cellar Beach Cellar Beach Cleared rock > all other treatments 
High density Looe = Cellar Beach 
Low density Looe = Cellar Beach 
b) Crackington Haven 
Source SS DF MS FPF versus 
Treatment 2126.83 3 708.94 0.06 0.98 Residual 
Residual 141554.17 12 11796.18 
Total 143681.00 15 
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Fig 5.3. Chthamalus spat recruitment to four treatments: bare rock, control, high density (5cm'2) and low 
density (1 cm-2) for a) Cellar Beach and Looe and b) Crackington Haven. Error bars ±1 SE. ** P<0.01, ns = 
not significant. 
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5.4 Discussion 
5.4.1 Limitations of work 
Settlement plates were used instead of manipulating Semibalanus individuals on the 
natural substrate due to the low numbers of Semibalanus on most shores in southwest Britain 
(Moore, pers ob). Semibalanus covered rocks were collected from St Ives on the north coast of 
Cornwall, which has consistently had large populations of Semibalanus due to an area of localised 
upwelling (Southward 1967). Settlement plates, similar to the ones used in this study, have been 
shown to be effective for investigating Chthamalus recruitment in Portugal (Hawkins, pers. comm. ). 
Unfortunately in the present work significantly higher numbers of Semibalanus spat recruited to 
natural substrate compared to settlement plates, indicating that settlement plates had a negative 
effect on the recruitment success of Semibalanus spat. Jenkins (1995) also found that 
Semibalanus cyprids behaved differently to artificial settlement surfaces with increased settlement 
on natural substrates. 
A large number of adult Semibalanus died following attachment to settlement plates with 
significantly higher proportions of barnacles remaining attached to low density treatments 
compared to high density treatments at Trevone and Newquay. There was no difference in the 
proportion of adult Semibalanus surviving on the different treatments at Looe. Although both the 
high and low density treatments experienced mortality, many dead barnacles were still attached to 
the settlement plates. Barnacles are known to preferentially settle where evidence of previous 
barnacle recruitment is present (Knight-Jones 1953, Crisp 1961, Crisp and Meadows 1963, Larman 
and Gabbott 1975, Rittschof et al. 1984, Yule and Walker 1984, Hills et al. 1998), therefore the high 
levels of mortality that occurred may not have affected the outcome of the experiment as plates of 
dead Semibalanus were still attached to the settlement plates. 
Previous experiments have successfully removed live barnacles from natural rock 
substrate and attached them to other substrates using the method that was used in the present 
work (Miron et at. 1996, Thompson et at. 1998). The higher levels of mortality experienced in the 
present work compared to other studies may be related to a combination of the length of time the 
experiment ran, the dynamic environment in which the settlement plates were attached and the 
species of barnacle that was used. In the case of work by Thompson et at. (1998), Semibalanus 
was attached to the substrate for a much shorter period of time under laboratory conditions. The 
present experiment was carried out on semi-exposed shores for a period of over a month, therefore 
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the attached barnacles were exposed to a much more dynamic environment where the risk of 
dislodgement was greater. Field experiments were conducted by Miron et al. (1996) using a 
different species of barnacle, Balanus crenatus, where no barnacle mortality was recorded (Miron 
et al. 1996). Balanus crenatus has a calcareous base, in contrast to the membranous base that 
Semibalanus possesses. It may be that the cyanoacrylate used to attach the adult Semibalanus 
was able to leach out across this membranous base resulting in high adult mortality. It Is much 
more unlikely that the glue used to attach Balanus crenatus to the substrate was able to leach 
across its calcareous base. 
5.4.2 Effects of barnacle settlement factor on Semibalanus recruitment 
Previous work has shown that there is increased settlement on panels with barnacle 
settlement factor compared to treatments that are without barnacle settlement factor (Crisp and 
Meadows 1963, Larman and Gabbott 1975, Yule and Walker 1984, Hills et al. 1998). In this study 
barnacle settlement factor had a negligible or in the case of low density treatments and treatments 
with no adult conspeciifcs at Newquay a negative affect on Semibalanus recruitment success. In 
many cases where barnacle settlement factor has been shown to have a positive effect on cyprid 
settlement the experimental plates have only been exposed to cyprids for a period of minutes (Hills 
et al. 1998) or hours (Larman and Gabbott 1975). Experiments that have been carried out over a 
longer temporal scale have shown that the positive effect of barnacle cues is lost after a couple of 
months (Wethey 1984a, Le Tourneux and Bourget 1988). Evidence from the present work would 
suggest that the positive stimulus for cyprid settlement provided by barnacle cues might be lost 
even more quickly, particularly in dynamic intertidal environments such as semi-exposed shores of 
southwest Britain where the present work was carried out. 
5.4.3 The effect of adult abundance of the barnacle, Semibalanus balanoides, on the 
recruitment success of its gregarious settling young 
At all locations a higher number of Semibalanus spat recruited to settlement plates with 
high densities (5cm'2) of conspecific adults compared to plates with low densities of (1cm-2) 
Semibalanus adults and plates with no adults. At both Trevone and Newquay this effect was 
significant. At Looe, a similar trend was evident but was not statistically significant, probably as a 
result of Elminius modestus spat also settling on the settlement plates. Elminius is an introduced 
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Australasian species of barnacle which produces larvae throughout the year (Rainbow 1984), 
although reproduction peaks in the summer months (Crisp 1958, Rainbow 1984, Pannacciulli 
1995). Large numbers of both adult and juvenile Elminius were present at Looe, In contrast to 
Trevone and Newquay where Elminius adults were rare or not found in rock control treatments. 
Therefore it is likely that some Elminius spat recruited to the settlement plates at Looe. Due to the 
nature of the settlement plates used, Elminius spat were hard to distinguish from Semibalanus spat 
on enlarged digital images. Elminius spat are also less discerning than Semibalanus In their choice 
of settlement substrate (Hawkins, pers ob), it is therefore likely that the Increased recruitment of 
spat to control plates was a result of Elminius recruitment rather than Semibalanus recruitment. 
The settlement plates from Looe were not collected and brought back to the laboratory until June 
2003 when the barnacles present on the plates were counted. There were few if any Semibalanus 
juveniles on low density settlement plates and settlement plates with no con-specifics present. In 
contrast, between ten and one hundred Elminius juveniles were found on settlement plates with low 
density and no adult con-specifics, indicating that the high numbers of spat on low density and 
settlement plates without con-specifics were probably juvenile Elminius. 
These results indicate that Semibalanus cyprid settlement was enhanced by the presence 
of Semibalanus adults and that when Semibalanus adults were found in higher densities there was 
increased settlement and recruitment of Semibalanus juveniles. These results agree with previous 
work which has shown that higher settlement occurred where there were the most remnants of 
adult Semibalanus (Kent et al. 2003). Recent work modelling the effect of low recruitment on 
Semibalanus population dynamics found that four or more years of poor settlement is likely to alter 
Semibalanus populations drastically (Svensson et al. 2005). As the model did not include the 
gregarious nature of Semibalanus settlement, it is likely that the model underestimated the 
reduction in the population size of Semibalanus with an increase in the frequency of low 
recruitment years (Svensson et al. 2005). With continued climatic warming it is likely that the 
number of low or no recruitment years will increase in number and frequency, resulting in 
Semibalanus populations becoming restricted to refuges or more northerly latitudes. 
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5.4.4 The effects of poor 0+ Semibalanus recruitment on the subsequent recruitment 
success of Chthamalus spat 
At two out of the three locations examined in this study, significantly higher recruitment of 
Chthamalus juveniles occurred in treatments that had been cleared of all adult barnacles 
suggesting that space for juvenile settlement may have been limited at these locations. At 
Crackington Haven there was no difference in the number of Chthamalus juveniles to recruit to the 
cleared rock, control, high (5cm'2) and low (1cm'2) density treatments. The number of individuals to 
recruit to the treatments cleared of adults was also lower at Crackington Haven than at Looe and 
Cellar Beach. Barnacle settlement success can be highly variable even when comparing locations 
in close proximity (Jenkins et at. 2000), therefore differences in the amount of recruitment to the 
three locations is not surprising. Crackington Haven is located on the north coast of Cornwall, 
Britain whilst Looe and Cellar Beach are located on the south coast of Cornwall and Devon and the 
success of barnacle settlement and recruitment is highly dependent on factors such as currents 
and wind direction (Gaines et al. 1985, Kendall and Bedford 1987). As a consequence it is likely 
that barnacle populations on two sides of the same coast may experience differences in 
recruitment success. As consequence of reduced supply of cyprids at Crackington Haven, 
resulting in the different levels of recruitment at this location, space may not have been a limiting 
factor. This may explain the lack of any significant difference in the recruitment success of 
Chthamalus to cleared rock, control, high density and low density treatments at Crackington 
Haven. 
Although the amount of available space in treatments seemed to affect recruitment 
success none of the replicates had more than 85% barnacle cover following Chthamalus 
settlement. It would therefore appear that factors other than just the availability of space might be 
responsible for the increased number of Chthamalus individuals to recruit to treatments where adult 
barnacles had been removed. Manipulation of adult Chthamalus abundance in the treatments 
occurred two weeks before Chthamalus cyprids began to settle therefore there might have been 
some remnants of the barnacles, which acted as a cue to encourage the settlement of Chthamalus. 
Evidence from the previous work on Semibalanus would suggest that this was unlikely as 
treatments with barnacle settlement factor did not increase Semibalanus settlement and other work 
has shown that barnacle settlement factor is unlikely to last long in the intertidal (Wethey 1984a). It 
was therefore unlikely that barnacle settlement cues were present in the treatments that had been 
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cleared of adult barnacles. This theory however, cannot be totally discounted; particularly as the 
present work was carried out on natural substrate which is thought to absorb chemical cues more 
readily than artificial substrates such as those used in the Semibalanus work (Crisp and Barnes 
1954). 
Various species of barnacle are known to show territoriality in their behaviour, with 
individuals settling gregariously over a distance of centimetres, but demonstrating a tendency to 
space themselves over a scale of millimetres (Crisp 1961, Barnett and Crisp 1979, Moyse and Hui 
1981, Kent et al. 2003). Therefore although up to 20% of treatments where adult con-specifics 
were present consisted of bare rock, space may still have appeared limited at the scale that 
Chthamalus settlers were investigating. The result of such behaviour would be significantly higher 
numbers of Chthamalus individuals recruiting to the treatments where all adult barnacles had been 
removed. Alternatively some species of barnacle are able to distinguish their own species from 
others and preferably settle near con-specifics avoiding settling near other species (Larman and 
Gabbott 1975). Therefore the increased settlement in treatments where adult barnacles had been 
removed may not indicate that this habitat was preferable, but that treatments where other species 
were present were not as preferable. 
There was no significant effect of Semibalanus 0+ abundance on the settlement success of 
Chthamalus spat at any of the three locations. Therefore further work would be required to provide 
support for the hypothesis of Southward and co-workers that Chthamalus becomes the dominant 
barnacle species at most shore heights in southwest Britain during warm climatic conditions when 
they are able to take advantage of the free space made available by the reduction in the number of 
settlers and survivors of Semibalanus (Southward and Crisp 1956, Southward 1967,1991, 
Southward et at. 1995). 
5.4.5 The consequences of climate change on the inter- and Intraspecific interactions of a 
northern and southern species of barnacle 
My results indicate that the number of adult con-specifics present in the population 
influences Semibalanus recruitment success, with an increased density of adults resulting in 
increased recruitment of Semibalanus juveniles. Similar evidence for this comes from an 
Australian species of barnacle that also relied on cues from adult conspecifics for good recruitment 
(Jeffery 2000). Here a reduced adult population had far reaching consequences for barnacle 
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population dynamics for many generations (Jeffery 2000). Thus as climatic warming Increases 
resulting in a reduction of adult Semibalanus in the overall barnacle population, there Is likely to be 
a direct negative effect on the chance of Semibalanus cyprids settling on the shore, irrespective of 
the numbers of cyprids present in the plankton. To compound this there will also be increased 
Allee effects with reduced numbers of adults resulting in a reduction In mating opportunities, 
resulting in fewer larvae entering the plankton. 
The results presented here also indicate that both inter and intra specific interactions are 
likely to have both positive and negative impacts on the relative abundance of these two barnacle 
taxa. With increased climatic warming it is likely that Semibalanus will become locally extinct along 
the coastline of southwest Britain in a similar way experienced in the 1950s (Southward 1967). 
Semibalanus are likely to become progressively limited to more northerly latitudes, lower on the 
shore and refuges in sheltered bays. Although both Semibalanus and Chthamalus appear to 
occupy the same ecological niche they do differ in size with Semibalanus generally larger than 
Chthamalus. Semibalanus has an important role in regulating rocky shore community dynamics 
because limpets are not as effective grazers across Semibalanus covered rock, which allows 
Fucus propagules, which have settled amongst the barnacles, to escape from the grazing activities 
of limpets. With an increase in the abundance of the smaller Chthamalus at the expense of the 
larger Semibalanus the interaction between limpets, barnacles and canopy forming algae could 
alter with impacts for rocky shore community dynamics. The potential effects of a change in the 
strength and direction of this interaction for rocky shore community structure and ecosystem 
functioning is discussed in chapter six. 
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Six 
General Discussion 
6.1 Thesis overview and summary 
There is now strong evidence from both terrestrial and marine realms of shifts In species 
distributions and abundances (Barry et al. 1995, Parmesan 1996, Walther et al. 2002, Hiscock et 
al. 2004, Kendall et al. 2004, Parmesan et al. 2005). Although none of these studies have been 
able to demonstrate a causal link between these changes and anthropogenic climate change 
(McCarty 2001), many of the changes in species distributions and abundance have in part been 
attributed to anthropogenic forcing of the climate (Hughes 2000, Parmesan and Yohe 2003). For 
the management and conservation of natural habitats it is essential to understand how entire 
assemblages as well as individual species will respond to environmental change. Most studies 
attempting to predict species range shifts in response to climatic warming have used a'climate 
envelope' approach (Jeffree and Jeffree 1996, Davies et al. 1998, Pearson and Dawson 2003, 
Huntley et at. 2004, Thomas et at. 2004). However, this approach has recently been criticised 
because it does not take into account dispersal capability, biological interactions, and habitat 
quality, availability and connectivity, including refuges all of which are likely to have considerable 
influence on the responses of individual species to climate change (Brown et al. 1997, Davies et al. 
1998, Helmuth and Hofmann 2001, Helmuth et al. 2002). 
My work has used the rocky intertidal as a convenient model system to investigate the role 
of direct and indirect biological interactions in modulating species responses to climate change. In 
particular I have investigated how predictions of species range shifts based on 'climate envelope' 
approaches may be modified by interactions between species. In this concluding chapter I briefly 
summarise the main findings of my work, before discussing the likely impacts of population 
changes and/or species loss in response to increased warming on rocky shore community 
structure, dynamics and ecosystem functioning. I also discuss the effects of changes in the 
intensity and temporal variance of natural processes and how this will complicate predictions of 
species shifts. Finally, I discuss the role of biotic interactions in modifying species responses to 
climate change with reference to the use of the 'climate envelope' approach in making predictions 
of species range shifts. 
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Patella vulgata, a northern/boreal species, and P. depressa, a southern/lusitanian species, 
are the dominant midshore limpets in southwest Britain (Southward and Southward 1978, 
Southward et at. 1995, Thompson et at. 2000, Jenkins et al. 2001, Boaventura et at. 2002a, Kendall 
et at. 2004). As a result of similarities In their ecology and behaviour It has been assumed that they 
have a similar functional role in controlling macroalgal abundance and therefore play a key role in 
rocky shore community structure and ecosystem functioning (Southward and Southward 1978, 
Southward at at. 1995, Thompson et al. 2000, Jenkins et at. 2001, Boaventura et at. 2002a, Kendall 
et at. 2004, Jenkins et at. 2005). However, little has been done to quantify the spatial distribution, 
particularly in relation to Fucus patches, of P. depressa or on the relative role of each limpet 
species in controlling macroalgal abundance. In agreement with previous studies (Burrows and 
Lodge 1950, Southward and Southward 1978, Hawkins 1983, Hawkins and Hartvoll 1983, Hartnoll 
and Hawkins 1985, Hawkins et at. 1992, Johnson et al. 1997) 1 have shown that P. vu/gata 
preferentially aggregated beneath Fucus patches resulting in a more aggregated distribution across 
the whole shore (Chapter two). In contrast, I have shown that P. depressa is more randomly 
distributed across open rock and it appears likely that P. depressa avoids creating home scars 
beneath Fucus patches over small and large spatial scales and was much (Chapter two). In 
Chapter three I demonstrated that P. depressa did not avoid creating home scars beneath Fucus 
patches to avoid competition with P. vulgata. Therefore other factors must be responsible for the 
avoidance of Fucus patches by P. depressa. Taken together, these results have shown that P. 
vulgata and P. depressa differ in their spatial distribution across the midshore on shores of 
southern Britain. Since the relative abundances of these two species are predicted to alter in 
response to climatic warming (Southward et al. 1995), this will result in a change in the overall 
spatial distribution of limpets on the shore, which is likely to have broad-scale implications for rocky 
shore community dynamics. 
Canopy forming macroalgae are predicted to become restricted to more northern latitudes 
in response to climatic warming (Barry et al. 1995, Franklin and Forster 1997, Coelho et at. 2000). 
Therefore Fucus patches were experimentally removed to investigate the response of P. vulgata 
and P. depressa to the loss of canopy forming macroalgae (Chapter three). P. vulgata experienced 
increased mortality and relocated home scars, often beneath new Fucus patches. In contrast, P. 
depressa showed little response to the loss of Fucus in terms of behaviour or mortality. These 
results indicated that' as climatic warming increases P. vulgata may become more reliant on 
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habitats such as Fucus patches that ameliorate environmental conditions. As a result of the loss of 
Fucus the range of P. depressa may expand more rapidly than predicted as more of its preferred 
habitat, open rock, becomes available. 
In chapter four I investigated the relative grazing activity of P. vulgata and P. depressa to 
see if they both had the same role in controlling macroalgal abundance. During the course of the 
experiment P. vulgata grazed more than P. depressa. This was particularly evident during peaks in 
the spawning activity of P. depressa, when grazing intensity was significantly reduced. As a result 
of the reduction in grazing pressure by P. depressa, Fucus germlings were able to settle and grow 
to a point where they escaped the grazing activity of limpets. In treatments with over 40% Fucus' 
cover, grazing was greatly reduced for the remainder of the experiment resulting in small P. 
depressa having a lower growth increment than small limpets in other treatments. This result 
indicates P. depressa is not as effective as P. vulgata in controlling macroalgal abundance on 
shores of southwest Britain. 
It is thought that a dynamic equilibrium exists between the barnacles Semibalanus 
balanoides and Chthamalus spp. with temperature and other environmental factors influencing their 
relative abundances. Changes in these climatic factors alter the strength of competitive 
interactions between these taxa (Southward 1967,1991, Southward et al. 1995). Therefore in 
chapter five I experimentally simulated climatically driven fluctuations in the abundance of these 
two taxa to inform predictions on the likely outcomes of climatic warming on barnacle population 
structure. Initially the effect of adult Semibalanus abundance on the recruitment success of its 
gregarious con-specific settling cyprids was Investigated. Treatments with a higher density of adults 
consistently experienced increased recruitment success compared to treatments with low densities 
of adult con-specifics and treatments without con-specifics, although this effect was not always 
statistically significant. These results indicated that the presence of adult con-specifics may have 
an important role in maintaining population size, and that a reduction in the adult population may 
affect the settlement success of future generations (see also Jeffery 2000, Kent et al. 2003). In the 
second part of this chapter I investigated the effects of simulated good and poor recruitment of 
Semibalanus on the recruitment success of Chthamalus. There was no significant difference In the 
abundance of Chthamalus to recruit to treatments with high or low densities of Semibalanus 0+ at 
any of the three locations. Therefore further work needs to be undertaken to support the 
hypotheses put forward by Southward and co-workers that following a reduction in the abundance 
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of the superior competitor, Semibalanus (Connell 1961 b), Chthamalus is able to take advantage of 
the increased space available and increase in abundance (Southward 1991, Southward et al. 1995, 
Burrows, Hawkins and Leaper, unpub). 
My results have shown that species which are thought to be very similar In terms of their 
ecology and biology may exhibit subtle differences in their behaviour or aspects of their biology 
which can fundamentally alter how they interact with the abiotic and biotic environment. As a result 
switches in the relative abundance of these species are likely to have broad-scale implications for 
community structure and ecosystem functioning. 
6.2 Consequences of Increased climatic warming for rocky shore community structure 
and dynamics 
Most of the work investigating the importance of limpets in controlling macroalgal 
abundance has been carried out on shores where P. vulgata is the sole limpet present (Burrows 
and Lodge 1950, Southward and Southward 1978, Hawkins 1983, Hawkins and Hartnoll 1983, 
Hartnoll and Hawkins 1985, Hawkins et at. 1992). On shores where more than one species of 
limpet is present, the relative importance of the grazing activity of the different species has not 
been investigated (Thompson et at. 2000, Jenkins et at. 2001, Boaventura et al. 2002a, Jenkins et 
al. 2005). In the past it has been assumed that due to similarities in the radula structure (Hawkins 
et al. 1989), ecology and behaviour (Thompson et at. 2000, Jenkins et at. 2001, Boaventura et al. 
2002a, Boaventura et at. 2002b) of P. vulgata and P. depressa that they had the same effect in 
controlling macroalagal abundance. 
My work has shown that these two limpet species have different spatial distributions on the 
shore, interact differently with Fucus patches and have different roles in controlling the abundance 
of macroalage on the shore. These differences in behaviour and ecology result in these two 
species having different effects on the probability of Fucus escapes occurring. The effect Fucus 
has on the two limpet species is also different. P. vulgata has been shown to control the 
abundance of macroalgae on shores in the NE Atlantic by grazing juvenile algae in the microbial 
film (Jones 1948, Burrows and Lodge 1950, Southward and Southward 1978, Hawkins 1981, 
Hawkins and Hartnoll 1983, Hartnoll and Hawkins 1985, Hawkins et al. 1992, Burrows and 
Hawkins 1998) and to a lesser extent by grazing on mature Fucus holdfasts (Hawkins et al. 1989, 
Hawkins, pers. comm. ). Conversely adult and juvenile P. vulgata preferentially aggregate beneath 
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Fucus patches (Chapter 2&3; Burrows and Lodge 1950, Southward and Southward 1978, 
Hawkins 1983, Hartnoll and Hawkins 1985, Hawkins et al. 1992). Thus when Fucus was 
experimentally removed they experienced increased mortality and moved home scars, often 
beneath new Fucus patches (Chapter 3). It would therefore appear that P. vulgata has a large 
negative effect on juvenile Fucus, but conversely, when Fucus is lost there Is also a large negative 
impact on both adult and juvenile P. vulgata (Fig 6.1). In contrast, P. depressa has less of a 
negative impact on Fucus since mature P. depressa graze less during the settlement time of 
Fucus. A higher proportion of adult P. depressa would therefore aid Fucus patch establishment 
(Chapter 4; Fig 6.1). However, once mature, Fucus appears to have a negative effect on juvenile P. 
depressa (Chapter 4; Fig 6.1). As a result of the differences in the interaction of P. depressa and 
P. vulgata with Fucus, it appears that both limpet species have indirect positive effects on each 
other by aiding in the creation of the other species preferred habitat (Fig 6.1). 
It appears that P. vulgata can strongly affect community dynamics by controlling 
macroalgal abundance on the shore. In contrast, P. depressa has less of an effect in controlling 
macroalgal abundance. Recent work has suggested that only a few species In a given assemblage 
have strong effects on community dynamics, whereas most will have weak effects either as a result 
of low abundance or small per capita effects (Berlow 1999). The effects of weak interactors have 
been shown to significantly alter natural communities because they play an importänt stabilizing 
role and may also magnify spatiotemporal variation in community structure (Berlow 1999). The 
loss, or addition, of any species, a weak or strong interactor, can lead to pronounced changes in 
community composition and structure (McCann 2000). Therefore if as predicted the relative 
abundance of P. depressa (weak effects) increases at the expense of P. vulgata (strong effects) 
there are likely to be broad-scale affects for rocky shore community structure. 
Further work is needed to test the generality of this model (Fig 6.1) on shores that are 
exposed to different levels of wave action and also across a broader geographical area. In 
particular there is a need to investigate if there Is a latitudinal cline in the grazing activity of P. 
depressa. In previous chapters I suggested that in southwest Britain, near the northern range limit 
of P. depressa, this species may need increased temperatures experienced on open rock to aid in 
digestion or for other physiological reasons. If this is the case then P. depressa may have a more 
significant role in controlling macroalgal abundance in regions with increased temperature. If the 
grazing activity of P. depressa does increase across a latitudinal gradient then as climatic warming 
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increases the small negative effect P. depressa has on juvenile Fucus at present may become a 
stronger. This may have implications for the abundance of both P. vulgata and Fucus on shores In 
southwest Britain. 
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Fig 6.1. Interactions between P. vulgata, P. depressa and Fucus vesiculosus on rocky shores In southwest 
Britain. - negative interaction; + positive interaction. The width of arrows represents the strength of the 
interaction. Dotted lines are indirect interactions, while full lines are direct Interactions between species. 
Barnacles, particularly Semibalanus balanoides, also aid in the creation of Fucus patches 
on moderately exposed shores in the NE Atlantic (Burrows and Lodge 1950, Hawkins 1981, 
Hawkins 1983, Hawkins and Hartnoll 1983, Hartnoll and Hawkins 1985, Hawkins et al. 1992). 
Limpets are not as effective at grazing across barnacle covered rock, therefore barnacles are able 
to provide a refuge from limpet grazing activity allowing new Fucus patches to become established 
(Hawkins 1981, Hawkins 1983, Hartnoll and Hawkins 1985, Hawkins et al. 1992). Most work 
investigating the interactions between limpets, Fucus and barnacles has been carried out on 
shores where Semibalanus and P. vulgata are the only limpet and barnacle species present 
(Burrows and Lodge 1950, Hawkins 1983, Hartnoll and Hawkins 1985, Hawkins et al. 1992). At 
lower latitudes Semibalanus is joined by the barnacle species Chthamalus spp where there is also 
a greater diversity and abundance of grazers (Ballantine 1961). As Chthamalus is smaller than 
Semibalanus, limpets may be able to graze more effectively across Chthamalus, and this species 
may not be as effective a refuge for Fucus from limpet grazing. Recent work has shown that there 
are regional differences in the effects of limpets on the abundance of macroalgae on the shore 
(Jenkins et al. 2005). At more northern locations there was a strong deterministic response to 
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reduced grazing with increased Fucus growth which was consistent between replicates, Further 
south there was less Fucus growth and it was more variable within replicates (Jenkins et al. 2005). 
It was suggested that the regional differences were a result of the increased probability of algal 
escapes with increasing latitude as a result of differences in the supply of algal propagules as well 
as differences in the abundance and perhaps diversity of grazers (Jenkins et al. 2005). However, 
the switch from shores dominated by Semibalanus to those dominated by Chthamalus may also 
influence the chance of Fucus escapes occurring. 
If limpets are more effective grazers across the smaller Chthamalus, the strength and 
direction of interactions between Fucus and barnacles may alter depending on the numerically 
dominant species of barnacle. On Semibalanus and P. vulgata dominated shores, Semibalanus 
has a direct negative effect on P. vulgata by inhibiting its ability to graze (Fig 6.2; Hawkins and 
Hartnoll 1982). In contrast, Semibalanus has a direct positive effect on Fucus abundance by 
providing a refuge from limpet grazing encouraging Fucus escapes, therefore creating Fucus 
patches, the preferred habitat of P. vulgata (Fig 6: 2). Therefore although Semibalanus has a direct 
negative effect on P. vulgata, as a consequence of the interaction between Semibalanus and 
Fucus, Semibalanus also has an indirect positive effect on P. vulgata (Fig 6.2). P. vulgata has a 
direct negative effect on Semibalanus because it is known to be able to plough barnacle cyprids 
from the substrate (Connell 1961a, Dayton 1971, Menge 1976, Hawkins 1983, but see Holmes et 
at. 2005 where limpets had a positive effect on cyprid settlement success) and barnacle plates 
have been found in the gut of P. vulgata (Hawkins et al. 1989). P. vulgata also has an indirect 
positive effect on Semibalanus by consuming the'Fucus which limits settlement of barnacle cyprids 
through the sweeping of their fronds (Menge 1976, Hawkins 1983, Jenkins et at. 1999c; Fig 6.2). 
On shores dominated by Chthamalus it Is likely that the interaction between limpets, Fucus 
and barnacles could alter. Chthamalus may have a negative effect on Fucus abundance as 
limpets may be more effective grazers across this smaller species of barnacle resulting in a 
reduction in Fucus escapes (Fig 6.2). As a result of Chthamalus not providing a refuge for Fucus, 
Chthamalus may have an indirect negative effect on P. vulgata because its preferred habitat, 
Fucus patches, is likely to become patchier (Fig 6.2). Further manipulative experiments need to be 
undertaken to investigate how the interaction between limpets, Fucus and barnacles alters in 
response to changes in the species involved and an increase in grazer diversity. 
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Grazers, macroaigae and barnacles interact in complicated ways and are expected to 
respond in individualistic ways to environmental change. These species interactions hinder our 
ability to easily predict the impacts of climatic warming on rocky shore communities. However, with 
a better understanding of how biotic interactions alter species responses to climactic warming and 
how this affects community scale processes we will have a better chance of providing biologically 
realistic predictions on the responses of species and communities to climatic change. 
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Fig 6.2. Interactions between limpets, barnacles and Fucus on a) shores dominated by Semibalanus and P. 
vulgata and b) shores with P. vulgata and P. depressa and dominated by Chthamalus. - negative interaction; 
+ positive interaction. The width of arrows represents the strength of the Interaction. Dotted lines are Indirect 
interactions, while full lines are direct interactions between species. 
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6.3 Consequences of changes in species abundances and ranges for rocky shore 
ecosystem functioning 
Species interactions may affect ecosystem processes by directly modifying pathways of 
energy and material flow (Chapin III et al. 2000) or indirectly by modifying the abundances of 
species with strong ecosystem effects (Power et al. 1996, Chapin III et al. 2000). Trophic 
interactions, in particular, can alter ecosystem processes by directly modifying fluxes of energy and 
materials (Chapin III et al. 2000). In the case of rocky shores of the NE Atlantic, limpets, in 
particular P. vulgata, control the abundance of macroalgae on the shore and therefore influence 
whether these shores are net importers or exporters of primary production (Hawkins et al. 1992). 
The role of canopy forming macroalgae in near-shore nutrient cycling may have important 
ecological and economic consequences not only for intertidal environments, but also for coastal 
waters (Benedetti-Cecchi et al. 2001). Declines in some near shore fisheries have been blamed on 
a reduction in overall productivity of marine coastal assemblages, possibly as a result of a decline 
in canopy forming macroalgae (Worm et al. 2000, Benedetti-Cecchi et al. 2001). With changes in 
the relative abundance of P. vulgata and P. depressa it is likely that there will be changes in the 
strength of trophic interactions, which will have cascading effects on rocky shore and coastal water 
primary production and ecosystem functioning. 
In the NE Atlantic the diversity and abundance of grazers increases with decreasing 
latitude (Ballantine 1961, Hawkins et al. 1992, Jenkins et al. 2001). Therefore an understanding of 
the importance of increased diversity or the level of 'redundancy' in systems with increased 
diversity will be important for understanding the balance between grazers and macroalgae. This is 
particularly important as grazer assemblages on shores in Britain are likely to alter in terms of 
abundance and diversity with climatic warming. Recent work carried out in rockpools has shown 
that a reduction in grazer diversity affected algal cover depending on the Identity of the species lost 
(O'Connor and Crowe in press). My work has shown that even congeneric grazer species with 
similar radula structure can have different effects on macroalgal abundance. Further experiments 
which manipulate grazer diversity and abundance are needed in order to fully understand the likely 
effects of increased grazer diversity and abundance on the chance of macroalgal escapes, which in 
turn will influence rocky shore and near shore ecosystem functioning. 
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6.4 Changes In the variance of climatic events Increases the difficulty In predicting 
species responses to climate change 
Most studies investigating ecological responses to climate change only Incorporate climate 
variables at a constant rate (Hobble et al. 1999, Callaway et at. 2002, Klanderud 2005). Recent 
work has highlighted that under predicted climate scenarios there will be an increase in extreme 
events, changing the intensity and temporal variance of natural processes (Benedetti-Cecchi 
2003). For example, in southwest Britain, the time of greatest warming will alter depending on the 
season. In summer warming is likely to be greater at day than at night. In contrast, during the 
winter greater warming is expected at night rather than during the day (South West Climate 
Impacts Partnership [SWCCIP] 2003). Precipitation rates are also predicted to alter and become 
more variable depending on the season with dryer summers and wetter winters (SWCCIP 2003). 
In addition, changes in environmental conditions will occur simultaneously and are likely to interact, 
with potentially differing effects than those predicted from a single climate variable on species 
responses to climate change. Recent work has shown that the interaction of temperature and 
ultra-violet radiation had a different effect than the effect of temperature alone on the early life 
stages of two algal species (Hoffman et at. 2003). As a result of the Interaction of environmental 
factors and changes in the intensity and temporal variance of natural processes our ability to 
predict species range shifts will be hampered further (Benedetti-Cecchi 2003). For example, 
warmer wetter conditions are likely to reduce desiccation stress resulting in species being more 
able to tolerate increased air temperature. If conditions are warm and dry intertidal species will be 
affected not only by the increase in temperature, but also an increase In desiccation stress. This 
may result in an increase in heat stress mortality, particularly for high shore species, during warm 
dry conditions. 
Studies which incorporate biotic interactions in scenarios with differing variance and mean 
values of anticipated climate will help in our understanding of likely changes in assemblages at 
scales relevant to the management and conservation of those systems. However the complexity of 
abiotic factors and biological interactions makes precise and accurate predictions of species range 
shifts extremely difficult. 
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6.5 'Climate envelope' approach vs biotic Interactions 
The climate envelope approach has been widely used to predict species range shifts under 
various climate change scenarios (Scott and Poynter 1991, Jeffree and Jeffree 1994, Jeffree and 
Jeffree 1996, Berry et at. 2002, Pearson and Dawson 2003,2005). More recently this approach 
has been criticised because the interaction of abiotic and biotic factors are likely to modify how 
species will respond to climatic warming (Brown et at. 1997, Davies et al. 1998, Martin 2001, 
Callaway et at. 2002, Schmitz et at. 2003, Jiang and Morin 2004). Through descriptive studies and 
experimental manipulation of natural assemblages my thesis has shown that habitat ameliorating 
species are able to influence the balance of species with northern and southern biogeographic 
distributions and that species, which are thought to be very similar in terms of their physiology and 
ecology, can exhibit subtle differences in behaviour, which may fundamentally alter community 
dynamics in benthic habitats. 
My results have demonstrated that the interactions between three groups of organisms, in 
this case Fucus and two northern and southern species of limpet and barnacle, can result in 
complicated biological interactions. As a result of increased climatic warming these interactions 
are also likely to alter. It is therefore unlikely that predictions of species range shifts based on 
species responses to a single climatic variable will be reliable. The results of my thesis support 
previous work which has also criticised the predictive power of the 'climate envelope' approach in 
calculating the future biogeographic distributions of species as they respond to climatic warming 
(Brown et al. 1997, Davies et al. 1998). It has been suggested that using the 'climate envelope' 
approach tends to broaden the realised niche of species (Berry et al. 2002) and underestimate the 
shifts in species boundaries. As a consequence Davies et al. (1998) suggest that the 'climate 
envelope' approach should only be used as a null model, while Pearson and Dawson (2003) 
suggest the approach can only predict species range shifts, at regional (200-2000 km) to global (> 
10 000 km) scales. At smaller spatial scales, which are relevant to the management and 
conservation of natural systems, the combination of abiotic factors and biotic interactions reduce 
the reliability of'climate envelope' approaches (Pearson and Dawson 2003). I therefore suggest 
that the 'climate envelope' approach is reasonable for the forecasting of potential niches at scales 
greater than a few hundred kilometres, but at smaller scales it cannot be used to predict changes in 
abundance or rates of change due to abiotic and biotic interactions modifying how species respond 
to climate. At smaller spatial scales manipulative experiments could provide information on how 
102 
Chapter Six 
the interactions between populations and assemblages will alter In response to climate change and 
if used in conjunction with the 'climate envelope' approach, allow biologically realistic predictions of 
species range shifts. 
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Appendix I 
Table 1. Analysis of variance for the abundance of limpets found in three treatments: P. vulgata only, P. 
depressa only and both species together for Kingsand and Andum Point. Variances were homogenous 
following square root (x + 1) transformation (Cochran's test C= 0.4662, ns). 
Source SS DF MS F P F versus 
Location (Lo) 6.25 1 6.25 84.32 <0.01 Residual 
Treatment (Tr) 0.73 2 0.37 7.81 0.11 Lo x Tr 
Location x Treatment 0.09 2 0.05 0.63 0.54 Residual 
Residual 1.78 24 0.07 
Total 8.85 29 
SNK tests 
Location 
Andurn < Kingsand 
20 
vom, 18 0 
c 16 
14 
12 
u 
ö 10 
c8 
6 
4 
2 
0 
® Andum Point o Kingsand 
Fig 1. Limpet abundance in treatment enclosures at Andurn Point and Kingsand. " P<0.01. 
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** 
Appendix 2 
Settlement Factor preparation 
Settlement factor was prepared by: 
1. grinding 100g wet weight of whole Semibalanus balanoides with a mortar and pestle. 
2.20ml of distilled water was then added to the pestle and ground before being decanted to 
a separate container. This process was repeated five times to give a final volume of 
100ml 
3. the liquid was then centrifuged at 12 000 xg for five minutes 
4. the supernate was then decanted and boiled for ten minutes 
5. the supernate was then centrifuged for five minutes at 12 000 xg 
6. settlement factor was made up the morning of deployment and painted onto appropriate 
settlement plates. 
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